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CHAPTER I. INTRODUCTION 
The question of which crop rotation to use has con­
fronted farmers for millenia. A crop rotation is a sequence 
of crops grown on the same area of land. Thus, in a corn-
soybeans rotation, corn is planted on a field one year, 
soybeans the next, and the cycle repeats, with corn grown the 
third year, soybeans the fourth, and so on. Usually, crop 
rotations include two or more different crops, such as the 
corn-soybeans or corn-oats-meadow-meadow rotations. Growing 
corn continuously, however, may also be considered a crop 
rotation with the same crop, corn, being the only crop in the 
sequence. 
The crop rotation most prevalent in Iowa has changed 
with time as agronomic practices and demand for agricultural 
products have changed. For example, oats and meadow crops 
have been replaced by row crops as tractors have replaced 
horses as the mode of farm power, and as nitrogen (N) fer­
tilizers have replaced legumes as a source of N for corn. In 
the future, crops as energy sources, such as corn grain for 
alcohol production, may influence the choice of a crop rota­
tion. 
Information on crop yields from rotations and their long-
term effects on the soil is important to agronomists and 
farmers. In an effort to provide such information, agrono­
mists at Iowa State University have conducted crop rotation 
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and N fertilizer experiments at several locations throughout 
the state. In this dissertation, corn yield data from the 
rotation-fertility experiment at the Northwest (Galva-
Primghar) Research Center near Sutherland, Iowa are analyzed. 
The structure of this dissertation is as follows. The 
literature review contains two sections, one dealing with 
problems in the statistical analysis of crop rotation experi­
ments and the second concerning agronomic factors affected by 
crop rotations. The experiment is described in the materials 
and methods chapter. Results of the experiment and analyses 
of the data are discussed in the next chapter. The final 
chapter is a summary containing the major conclusions from 
this rotation-fertility experiment. 
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CHAPTER II. LITERATURE REVIEW 
Statistical Analyses of Crop Rotation Experiments 
Crop rotation experiments have been defined by Yates 
(1954) as being of two main classes—those in which treatments 
are applied to a single crop rotation, called a fixed rota­
tion, or those in which the various crop rotations serve as 
treatments. Examples of the statistical analyses of experi­
ments of the first type may be found in Cochran (1939), 
Patterson (1953), and Mowers et al. (1981). We will hence­
forth consider only experiments of the second type because 
the rotation-fertility experiment analyzed in this disserta­
tion is of that type. 
In the experiments for which the different crops them­
selves act as treatments, additional treatments may be applied 
to some or all of the crops. For example, the Iowa rotation-
fertility experiments have N fertility treatments applied to 
corn in the different rotations. In these experiments, both 
rotation and fertility effects need to be estimated. 
Cochran (1939) and Yates (1949) have listed several types 
of information which may be obtained from properly designed 
crop rotation and rotation-fertility experiments. These in­
clude direct, residual, cumulative, and limiting effects of 
the treatments on crop yields. Direct effects are those 
occurring in the year of treatment application. Residual 
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effects are those measured in years following the year of 
application. A cumulative effect is that resulting from 
several applications of a treatment. If treatments are 
carried on long enough, yields may tend toward a limiting 
value. When the crops act as treatments, a full cycle of the 
crop rotation may be viewed as a treatment application. Thus, 
for example, there is a direct effect of the first cycle of 
the rotation on the yield of each crop in the second cycle. 
By the third cycle the effect has become a cumulative one. 
An example of a limiting effect would be the difference in 
yields of the same crop in two different rotations if that 
difference tended to a stable value after many cycles. A 
residual effect would be the effect on oats of an applica­
tion of N to the corn crop of a corn-oats-meadow rotation. 
Two statistical problems generally are associated with 
crop rotation experiments: (l) specification of an adequate 
response model for crop yields and (2) lack of independence 
of errors. It is often difficult to properly specify a mathe­
matical function describing the change in crop yields and 
their limiting values as more and more cycles of a rotation 
are completed. This, coupled with the necessity of describ­
ing crop response to fertilizer in a rotation-fertility ex­
periment compound the first problem. The problem of corre­
lated errors exists because the crops of a given rotation 
occur on the same plot in successive years. If the plot is 
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inherently high in fertility, all crop yields from that 
plot might be expected to be higher than on a plot inher­
ently low in fertility. 
In the text which follows, literature pertaining to 
these two statistical problems will be discussed. Following 
the same order of presentation as was used in the comprehen­
sive article by Battese and Fuller (1972), a transformation 
of data will be presented and discussed. This transformation 
allows asymptotically efficient estimation of the crop re­
sponse function when the assumed error structure includes a 
plot error component. Finally, these subjects will be illus­
trated by an example from the rotation-fertility experiment 
at the Carrington-Clyde Research Center in Iowa (Battese 
et al., 1972). 
Specification of crop response functions 
A crop response model for a rotation-fertility experi­
ment depends on the particular crop under consideration, its 
yield trends with time in the various rotations, its response 
to fertility treatments, and its response to climatic, cul­
tural, and soil-related factors. Battese and Fuller (1972) 
suggested that in a split-plot, rotation-fertility experiment 
with crop rotation treatments on whole plots and N fertilizer 
levels on subplots, the expected response for a certain 
crop was a function: 
^^qkt ^qkt) ' 
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where £ was a vector of fixed parameters, a vector of 
random parameters for year t (which vary with years), and 
^qkt amount of N fertilizer applied to subplot k of whole 
plot q in year t. The vector would contain parameters for 
the rotation position of the designated crop.^ 
The literature pertaining to models for time trends in 
rotation-fertility experiments and for fertilizer, crop-yield 
response functions will be reviewed. Also, models for N 
carryover will be discussed. These functions should help 
provide a mathematical formulation of the expected response 
function in equation 2,1. 
Time trends of crop yields Several authors have used 
linear and polynomial functions to describe the response of a 
crop to time in a rotation. Cochran (1939) used linear and 
quadratic terms to describe the decline in barley yields in 
a four-course (four-crop) rotation. Crowther and Cochran 
(1942) and Patterson (1953) also used linear or linear and 
quadratic terms to describe time trends. Patterson (1964) 
suggested that the expected crop response should be a linear 
model in seasonal and trend variables. A theoretical diffi-
^A crop appearing more than once in a rotation is said 
to be in different rotation-positions (Battese and Fuller, 
1972). For example, in the corn-corn-oats rotation, second-
year corn after oats is said to be in a different rotation 
position from the first-year corn after oats. Although 
Patterson (1964) refers to different rotation-positions as 
different "tests" of a given test crop, the term "rotation-
position" will be used in this dissertation. 
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culty in using polynomial functions to describe time trends 
of crop yields is that no limiting or asymptotic yield value 
will be approached in these models. 
Button (1951) suggested an alternative function which 
did have a limiting crop-yield value, the exponential trend 
model. This model for expected crop response (fi^) was: 
(i^ = a + p p ^  , (2.2) 
where a, p, and p were parameters to be estimated and t was a 
time measurement. For this model, a represented the asymp­
totic yield (for 0 < p < 1, limit p.. = a). At time t = 0, 
t-»oo ^ 
the expected yield was [Xq = a + P. For a given value of P, 
the magnitude of p determined the rate of increase or decrease 
of expected response. For each unit increase in t, (j,^ would 
move toward the limiting value (X by (1-P) of the distance 
initially between them (Shih, 1966). Thus, for p close to 
zero, the rate of increase would be large and for p close to 
one it would be small. 
Fuller and Cady (1965) used the exponential model to 
describe yield trends with time. They used rotation cycles 
as the measurement of time in the exponential model, replacing 
t with t^j, the cycle of rotation j in year i. Their estimate 
of the parameter p was 0.465, Therefore, for each cycle of a 
rotation, corn yields were estimated to be approaching their 
limiting yield values at the rate of 0.535 of the distance 
separating the initial and limiting values. This meant 
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slightly over half the effect of a rotation had occurred in 
the first cycle. However, the estimated standard error of 
their estimate of p was 0.152, a fairly large value, possi­
bly resulting from relatively few cycles of data available 
for the analysis. 
Fuller and Cady (1965) also used an exponential trend 
model to estimate different limiting values of corn yields 
in different rotations. This was done by changing parameters 
in the original exponential model (Shih, 1966) to get the 
model: 
( i j t = a  +  b j ( l - p ^ )  ,  ( 2 . 3 )  
where p, represented the expected yield from rotation j in 
cycle t, a was the expected yield at time t = 0, and bj was 
the effect of rotation j on the asymptotic yield. In this 
model, a + bj has replaced a from model 2.2 as the limiting 
yield for rotation j and g has been replaced by -by. Thus, 
in this model, bj > 0 implies that yields are increasing with 
time toward a limiting value, a + bj. For by < 0, the trend 
is downward. It should again be noted that in their analysis. 
Fuller and Cady (1965) assumed proportionately constant rate 
of approach (1 -p) to the limiting values for all rotations. 
Crop response to fertilizers Just as time trends in 
rotation-fertility experiments have been estimated with poly­
nomial or exponential functions, so have crop yield responses 
to fertilizer. To facilitate the understanding of how these 
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kinds of functions are interpreted in relating crop yields 
to amounts of a nutrient available for growth, a brief de­
scription of quadratic and exponential functions and their 
derivation will be given. 
Quadratic functions often have been used to describe 
the crop response to N fertilizer (Pesek, 1964; Tejeda et al., 
1980). A quadratic yield response to fertilizer may be viewed 
as follows: the rate of increase of crop yield with increas­
ing fertilizer is proportional to the difference between the 
present fertilizer or nutrient level and the level at which 
the maximum yield occurs. That is, 
^ = k(x - h) , (2.4) 
where dy/dx represents the derivative of crop yield y with 
respect to N fertilizer input x, h is the level of fertilizer 
at which maximum yield occurs, and k is the constant deter­
mining the rate of increase or decrease. This differential 
equation may be solved to give the equation: 
y = a x + b x + c  ,  ( 2 . 5 )  
where a = (k/2), b = -hk, and c is an arbitrary constant. 
Although this equation allows for a downward trend in yields 
when fertilizer amounts higher than h are applied, it dictates 
that the rate of decline must be the same as the rate of in­
crease when the distance |x - h| is the same. This symmetric 
decline has not been observed often in corn yield response to 
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N fertilizer (W. H. Pierre, Department of Agronomy, Iowa 
State University, personal communication). 
The exponential model of crop response to fertilizer was 
proposed by E. A. Mitscherlich in 1905 and was discussed by 
Stewart (1932). Mitscherlich hypothesized that the rate of 
yield increase with increase in fertilizer or nutrient level 
was proportional to the decrement from an asymptotic maximum 
yield A, His proposed differential equation was, therefore: 
dy/dx = c(A - y) . (2.6) 
A form of this equation after solution is : 
y = A [l - exp[-c(x+b)]} , (2.7) 
where the proportionality constant c was referred to as an 
"efficiency" or "effect" factor, -b was the x-intercept of 
the equation, and A was the asymptotic maximum yield.^ When 
X was the amount of fertilizer nutrient applied, b was inter­
preted as the amount of nutrient utilizable from the soil in 
addition to that applied. One argument against using this 
Mitscherlich or exponential growth model (also called the 
Spillman or asymptotic regression model) is that it does not 
allow for a decrease in yields if a certain optimum level 
of fertilizer is exceeded. This would not present a problem, 
however, within the range of fertilizer levels for which ob­
served yields were still increasing. It may be noted that 
^ The expression exp(a) will be used throughout this 
dissertation to represent e^, where e is the base of the 
natural logarithms. 
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equation 2.2 is of the same form as equation 2.7 with the 
parameters a = A, p = -Aexp(-cb), p = exp(-c), and with 
time t replacing fertilizer level x as the independent vari­
able. Thus, discussions pertaining to the mathematical be­
havior of either model may be applied to both. 
The exponential model for corn yield response to N fer­
tilizer has been used in analyses of crop rotation experi­
ments by Fuller and Cady (1965), Shrader et al. (1966), 
Battese et al. (1972), and Baldock and Musgrave (1980). 
Shrader et al. (1966) used the exponential (Mitscherlich) 
equation for fitting data from each of two Iowa crop rotation 
- N fertility experiments at the Carrington-Clyde and the 
Clarion-Webster Research Centers. In both experiments, 
averages over all years were used to fit the model: 
jk — ® YjP » (2.8) 
where n was the expected corn yield from rotation-position 
j and N level k, was the level of N applied to subplot k, 
Yj was the effect of rotation position j, which corresponded 
to an amount of residual N available to that rotation-position, 
and a and p were parameters to be estimated. The fitted ex­
ponential model adequately accounted for treatment effects. 
Thus, for both of these experiments, the authors failed to re­
ject the hypothesis of a common response curve to N fertilizer. 
That is, they did not find a significant effect of the rotation 
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other than its N contribution. 
Shrader et al. (1966) used additional exponential N 
fertilizer - corn yield models to describe the significant 
year x treatment interaction. One model had the added assump­
tions of an asymptotic yield characteristic of year i and 
a fertility effect on yield characteristic of year i and 
rotation-position j. This model was: 
^ijk ~ ^i j P * (2.9) 
where was the expected corn yield in year i of rotation-
position j at N level k. This model accounted for most of 
the year x treatment interaction effects. To further examine 
the nature of the interaction, the authors used contrasts to 
explain the way yj varied with years. For data from both 
experimental sites, they found a significant multiplicative 
effect described by; 
f^ijk " ^i ^  Yj p , (2.10) 
where ôwas the multiplicative effect for each year. With 
this model, all yj values in a given year are proportionately 
larger or smaller by the factor 6^^. 
Specification of the yield response function to fertilizer 
in a rotation-fertility experiment, in general, will be dif­
ferent for each crop. Battese et al. (1972) used an expo­
nential (Mitscherlich) equation for corn yield, a quadratic 
oat yield function, and a linear hay yield function. 
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Each of these was a function of total N in year i, N^, which 
was the sum of N fertilizer applied that year, and 
carry-over N, N?. The necessity of using total available N 
in these functions resulted in the secondary problem of 
specifying and estimating a N carry-over function. 
Nitrogen carry-over functions A N carry-over function 
was proposed by Fuller (1965) and used by Battese et al. 
(1972). This function had the form: 
Nf = [*o - *1 exp(-(t)2N^_^)] (2.11) 
where N? was the amount of N carried over to year i, 
was the total amount of N available in year i-1, and ^ 
and ^2 were parameters to be estimated. Note that (N^/ 
Ni-i), the proportion of the previous year's N fertility 
"carried over" to year i was assumed to follow an exponential 
(Mitscherlich) relationship. That is, the proportion increased 
at a decreasing rate as the total N in year (i-l) was in­
creased. From data obtained from Iowa soils. Fuller (1965) 
estimated this function to be: 
N? = Ni_i [.325 - .25 exp(-.8l N^.^)] , (2.12) 
where N was measured in 40 pound units. From this it can be 
seen that the estimated asymptotic proportion of carry-over 
N was 32.5% of the previous year's total N. 
Another fertilizer carry-over function was that of 
Helyar and Godden (1977) which was discussed by Battese (1978). 
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Their function for fertilizer available from previous appli­
cations was; 
I. = S af._i(a + i)"l , (2.13) 
t t 1 
where was the level of residual applied fertilizer avail­
able in year t, f^_^ was the amount applied in each of the 
n previous years (i = 1,2,...n), and a was a constant. 
Battese noted that this formulation of a residual fertilizer 
function had at least two flaws. For a constant fertilizer 
n _i 
application z each year, the series S az(a + i) diverges 
i=l 
as n 00 [this may be seen by writing the sum as 
2 (k ^ Jaz(ak"^ +1) ; 
k=l 
since lim az(ak~^ + 1) ^  = az and the harmonic series S k ^  
k-*oo k=l 
n 
diverges, so does the series 2 az(a +1) ]. Secondly, the 
i=l 
function implies that the amount of fertilizer lost from the 
soil due to cropping does not depend on crop yields. 
Total amounts of carry-over N available in a given year 
are likely to depend on the N fertilizer rate, crop yields 
the previous year, the previous year's precipitation, and 
the interaction of previous-year precipitation with crop 
yields. Fuller (1965) used a total N model including such 
terms. 
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Error structure for rotation-fertility experiments 
The random errors for response functions in a crop 
rotation experiment may contain plot and plot x year (plot 
within year) components (Patterson and Lowe» 1970). The 
plot component is constant from year to year, and the plot x 
year component varies independently from year to year. 
If the experiment is a rotation-fertility one with crop 
rotations as the whole-plot treatments and fertilizer levels 
as subplot treatments, there may also be subplot and subplot 
X year components (Battese and Fuller, 1972). Literature con­
cerning specification of the error model and estimation of 
variance components is discussed next. 
Existence of plot error components Cochran (1939) 
suggested that in crop rotation experiments there could be a 
source of variation in crop yields resulting from crops of a 
rotation being grown in successive years on the same plots. 
This component, constant from year to year, was referred to 
as a plot error• Cochran mentioned that the correlation of 
plot yields in successive years might be negative as well as 
positive. A negative correlation could result from a good 
crop removing a large share of the nutrients one year and 
being followed by a crop with lower than expected yield the 
next year. 
Patterson and Lowe (1970) averaged serial plot correla­
tions from 12 experiments and found a positive correlation 
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estimate of 0.2, Based on their 120 estimates of plot 
correlation, these authors found evidence that the existence 
of plot errors in crop rotation experiments should not be 
ignored. 
Other researchers have found mixed results concerning 
plot error components. Fuller and Cady (1965) found no evi­
dence of a positive plot correlation. Cochran (1939) and 
Patterson (1953, 1959), however, found positive plot 
correlations. 
The error model and its covariance structure Battese 
et al. (1972) presented a formulation of the error model with 
plot and plot x year components and its covariance structure. 
The error model was: 
"pt = V ' (2-14) 
where u^^ was the random error from plot p in year t and 
was comprised of a plot component v^ and a plot x year 
component w^^. These components were assumed to have zero 
2 2 
means and variances and cr^, respectively. The covariance 
structure was : 
cov(Upt,Up,t, ) = cf^ = cr^ + cr^ if p = p* and t = t' 
2 2 
= p a = if p = p' and t X t', and 
= 0 otherwise. (2.15) 
The inclusion of p, the serial plot correlation, was an 
adaptation from Shih (1966). Notice that 
17 
4 P = -, -, • (2.16) 
2 
and that the plot correlation may be ignored when is 
2 9 
small relative to + cr^)« 
This error model was extended by Battese and Fuller 
(1972) to the split-plot, rotation-fertility experiments. 
The extended model for the random error on subplot k of whole-
plot p in year t was: 
"pkt = + V + ®pk + =pkt ' (2-17) 
where e^^ is the component for subplot k of whole-plot p and 
Spkt is the subplot x year component. These components were 
2 2 
assumed to have zero means and variances cr^ and a^, respec­
tively. The error covariance structure became: 
°°^%kt'"p'k't') = °V + O* + *8 + *3 
if p = p', k = k', t = t' , 
if p = p', k / k', t = t' , (2.18) 
= 4 + 4 
if p = p', k = k*, t / t', 
= 4 
if p = p*, k / k', t / t*, and 
= 0 otherwise. 
In this expression for the error model, p is used to 
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index different whole plots no matter what treatments those 
whole plots carried. Thus, if the same treatment were 
applied to whole plots in two different blocks, p would be 
different for each of the two plots. This notation differs 
from that of Battese and Fuller (1972) who used an indexing 
for blocks (r) and for whole-plots within blocks (q). 
Button (1951) and Patterson and Lowe (1970) proposed 
autoregressive error models for long-term cropping experi­
ments. Button's proposed model for the random error on plot 
p in year t was: 
V ' "p"p,t-l + ®pt '2.19) 
where a was assumed less than 1 in absolute value and e . 
P 
was a random yearly error with covariance structure: 
cov(ept,ep.^,) = flpp. for t = f 
= 0 otherwise. (2.20) 
An autoregressive error model could account for a de­
cline in plot correlation with increasing time between crops 
on the same plot. This had been mentioned by Cochran (1939) 
and Patterson (1964) as being important in experiments on 
perennial crops (see, for example, BjSrnsson, 1978). These 
authors, however, had not found evidence of differential 
trends of plots within blocks for experiments with annual 
crops. This indicated that an error model with plot compo­
nent constant from year to year may be adequate in crop ro­
tation experiments involving annual or short-term perennial 
19 
crops. 
Estimation of the error variance components Battese 
and Fuller (1972) presented an analysis-of-variance method for 
estimating the error variances associated with the four error 
components of 2.17, This method involved computing an 
analysis-of-variance table for each set of similarly treated 
whole plots (i.e., those plots in different blocks which 
carried the same crop rotation-positions the same years) and 
then pooling sums of squares from these tables. Estimates 
of the error variances were obtained by equating the expected 
mean squares of the entries of the analysis-of-variance table 
to their observed values and solving for the variance compo­
nents. 
Patterson (1964) used the analysis-of-variance method for 
estimating variance components for error model 2.14 and com­
pared that method to three other methods. His comparison was 
on the basis of efficiencies of linear combinations of the 
variance components for a particular crop rotation experiment, 
the rice-grass rotation experiment described by Yates (1954). 
He concluded that the analysis-of-variance method was the 
most consistently reliable of those compared. 
Transformations to obtain uncorrelated errors 
If the error covariance structure were known, generalized 
least squares estimation could be used for efficient estima­
tion of the parameters of a linear model. A method of con­
20 
structing generalized least squares estimators is to find a 
transformation matrix, T, such that the variance-covariance 
matrix of the transformed errors is a multiple of the 
identity matrix. The transformed vector of dependent vari­
ables may then be regressed on the transformed independent 
variables for efficient estimation. 
Shih (1965) gave a transformation which could be used for 
the error model 2.14 and 2.15 to obtain uncorrelated trans-
* 
formed errors u^^. This transformation was: 
V = V - ' '2.21) 
where 
- -1 ^t 
u  =  n .  ( 2  u  .  )  w a s  t h e  a v e r a g e  o f  t h e  e r r o r s  a s s o c i -
P* ^ t=l 
ated with the yields for the n^ years on which the 
crop was grown on plot p, and 
c = 1 - [0^/(0% + . 
In practice, one would estimate the variance components and 
use them in calculating c. This same transformation would 
then be applied to yields and to the independent variables 
before regressions were calculated. Conditions under which 
the regression estimates after transformation would be un­
biased and asymptotically efficient are given by Fuller and 
Battese (1973). 
Battese and Fuller (1972) presented the extension of this 
transformation to the case of the error structure given in 
21 
2.17 and 2.18. The transformed errors for subplot k of 
plot p in year t were 
"pkt = "pkt - '=l"p.t - - °3"p.. ' '2.22) 
where 
_ _l "k 
u . = (n. ) ( 2 u ^ . ) was the average of errors associ-
p.t K PKt 
ated with the n^ yields on whole plot p in year t, 
-1 ""t 
u^T_ = (n. ) ( S u^^. ) was the average of errors associ-
pK. u t=l P 
ated with the n^ yields on subplot k of whole-
plot p, 
-1 ^t 
u^ = (n.n. ) ( S S u . . ) was the average of errors 
p.. k t t=l PKt 
associated with the n^n^ subplot yields from 
whole-plot p, 
=1 = 1 - [c^/(Os + ' 
Cg = 1 - [Cs/COg + ' » and 
C3 = 1 - Cg + Vw + Ve + ' 
The proof that this transformation led to uncorrelated errors 
followed from results given by Fuller and Battese (1973, 1974). 
The constants c^, Cg* and Cg would, in practice, be estimated 
by substituting in estimated variance components. After 
using the estimated transformation, the errors would be 
(almost) uncorrelated, and better estimates of regression 
coefficients and their estimated standard errors could be 
obtained. 
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The lovra Carrinaton-Clvde rotation-fertilitv experiment 
The Carrington-Clyde experiment, which was analyzed by 
Battese et al. (1972), provided an illustration of the 
methods of analysis of crop rotation experiments discussed 
so far in the literature review. The experiment was designed 
1 to compare the following rotations : continuous corn, CCO, 
CCOM, CCOMM, and CCOMMM. These five crop rotations contained 
a total of 19 rotation-positions. (For example, CCOM had 
four rotation-positions.) 
The design of the experiment was a randomized-block, 
split-plot with N-fertilizer treatments on the subplots. The 
19 crop rotation-positions were randomly assigned initially 
to whole plots in each of two blocks, and were not reran-
domized in subsequent years. For example, if the oats 
rotation-position of the CCOM rotation was assigned to a cer­
tain whole plot in the initial year of the experiment, that 
plot would have meadow in the second year and corn in the 
third and fourth years, and so on. Each of the whole plots 
was divided into three subplots to which N fertilizer treat­
ments were applied to corn. The rates varied with rotation-
position of the corn, and were given on page 581 of the re­
search bulletin by Battese et al. (1972). 
^Abbreviations have been used for the following crops 
in a rotation: C for corn, 0 for oats, and M for meadow. 
Thus, CCOM is the rotation corn-corn-oats-meadow. 
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An analysis of variance was computed for corn yields. 
Effects of rotation-positions, years, and N levels were 
significant. The N levels were considered to be low, medium, 
and high to facilitate computations. Significant N x 
rotation-position and N x year interactions also occurred. 
Error terms from the analysis-of-variance table were 
used to estimate the transformation 2.22, Since Fuller and 
Cady (1965) had estimated a zero variance component for per­
sistent plot effects in this same experiment, the only non­
zero components were assumed to be the whole-plot x year and 
2 2 
subplot X year components, with variances cr  ^ and respec­
tively. In that case, Cg and Cg were zero, and c^ was 
estimated as : 
c^ = 1 - [error (b)/error (a)]^/^ , (2.23) 
where 
error (b) = the subplot x year error estimating in 
the analysis-of-variance table, and 
error (a) = the whole-plot x year error estimating 
• 
Corn yields and the independent variables were transformed 
before regressions were computed. 
The yield response function used for corn was : 
Yijk = *1 + Yij , (2.24) 
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where 
y... = the average corn yield over replications on the 1JK 
subplot receiving applied N level k of rotation-
position j in year i, 
u^j^ = the average of the random errors associated with 
^ijk' 
= the asymptotic maximum yield for year i, 
j = the effect of rotation-position j in year i, 
P = the common "efficiency factor" for N availability, 
and = the total N available in year i for rotation-
position j in the subplot receiving the kth level 
of applied N. 
Carry-over N was estimated by equation 2.12 for rotations with 
meadow; for rotations without meadow, it was estimated by; 
N? = 0.325 N^_iCl - exp(-.025 » (2.25) 
where 
N? = carry-over N for year i and 
= total nitrogen in year (i-1). 
Using transformed values of yields and total N, esti­
mates were obtained for the response model 2.24. This model 
in general fits the data very well, as evidenced by nonsig­
nificant F-statisties used for testing goodness of fit. Using 
the estimated corn-yield response function and response func­
tions for the other crops, Battese et al. (1972) then con­
structed net return functions and estimated the variance of 
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net return for the various rotations. They concluded that 
the continuous corn rotation resulted in the largest net 
income, but also had the largest variance of net return. In­
creasing numbers of years of meadow in the rotations were 
associated with lower net incomes and smaller variances of 
net return. 
Agronomic Aspects of Crop Rotations 
A farmer's decision as to which crop rotation to use is 
based primarily on the short-term economic advantages of 
each rotation and to a lesser degree on its long-term effects 
on soil productivity. Of field crops generally grown in the 
Midwest, corn is often the most profitable. Because of this, 
corn is grown as often as possible in a rotation. A monocul­
ture of corn, however, may lead to yields below those of corn 
in a rotation with other crops and corn monoculture may result 
in detrimental long-term effects on the soil. 
Aldrich et al. (1975) stated some reasons why a crop ro­
tation involving only one or two row crops may be preferred 
to a rotation of row crops and two or three years of meadow 
and small grain crops. The farmer growing only row crops 
could attain greater expertise in the production and marketing 
of these crops than would be possible if three or more types 
of crops were grown. He would only need machinery for the 
production and harvesting of the row crops, eliminating the 
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need for equipment such as that used for hay harvesting. If 
his soil types were well-suited for row crop production, 
the continual row cropping would likely be more profitable. 
Aldrich et al. (1975), however, cautioned against the use of 
land susceptible to erosion for continual row cropping because 
of the long-term deterioration and loss of soil. 
Crop rotations including meadow crops have been used to 
control soil erosion, to provide N for corn following legumes, 
to maintain higher organic matter levels, to improve soil 
structure, and to help control diseases, weeds, and insects 
(Shrader et al., 1962). Because of these factors, agrono­
mists until recent years believed that crop rotations in­
volving meadow crops were essential for good corn production. 
With the introduction of modern agricultural technology, the 
necessity of meadow in the rotation has been challenged by the 
idea that a corn monoculture might be the best cropping system 
on land well-suited for corn production (Pesek, 1966). Evi­
dence that fertilizer N substituted completely for the N from 
legume meadow (Shrader and Pierre, 1966) supported the feasi­
bility of a corn monoculture system. More recently, Shrader 
and Voss (1980) indicated that yields of corn grown continu­
ously for 10 to 15 years were less than yields of corn follow­
ing meadow or soybeans, even at high rates of N fertilizer 
applied to the continuous corn. 
In this portion of the literature review, agronomic 
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factors related to crop rotations will be examined. Crop 
yields, both for the short- and long-term, and those 
agronomic factors listed in the previous paragraph will be 
dealt with in detail. 
Corn grain yields 
Corn grown continuously for long periods of time has 
yielded less than corn grown in rotation with another crop. 
This occurred even if very high amounts of fertilizers had 
been applied to the corn. Welch (1976) compared corn which 
had been grown continuously for 100 years on the Morrow 
plots in Illinois with corn which had been in a corn-oats 
rotation for 92 years and in a corn-soybean rotation follow­
ing that. With very high fertilization, the rotation corn 
in recent years (1969-1975) has outyielded the continuous 
corn by 23 bu/acre. The plots used in this comparison had 
received manure, lime, and phosphorus (P) since 1904, and 
since 1967 had received 300 lb N/acre and P and potassium (K) 
sufficient to maintain soil test levels at 50 ppm P (Bray 
P^) and 200 ppm exchangeable K, The average yield of con­
tinuous corn was 148 bu/acre in the years for which compari­
sons were made. 
Welch (1976) also reported that a corn-oats-clover 
(COM) rotation which had been in existence as long as the 
continuous corn resulted in higher corn yields than those 
from the continuous corn rotation. The corn crop of the COM 
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rotation yielded 10-13 bu/acre more than continuous corn in 
recent years in -which the two could be compared, 1955, 1961, 
1967, and 1973. Beginning in 1955, the continuous corn plots 
used in this comparison were treated with lime, 200 IbN/acre, 
and P and K sufficient to maintain soil-test levels of 20 
and 120 ppm, respectively. The COM rotation plots had either 
a manure, lime, and P treatment or the same fertility treat­
ments as continuous corn. 
Higgs et al. (1976), in a shorter term study in south­
western Wisconsin, found results similar to those of Welch. 
Nitrogen rates of 0, 75, 150, and 300 lb/acre were applied 
to continuous corn and to corn in rotation with soybeans or 
alfalfa. Average yields for 1967-74 indicated no advantage 
in applying more than 150 lb N/acre; with that rate of N, 
yields of corn following corn were on the average about 
8 bu/acre less than those of corn following a different crop. 
Research at several locations in Iowa has now shown that 
highly fertilized continuous corn generally will yield about 
10% less than corn following meadow or soybeans (Shrader and 
Voss, 1980; Voss and Shrader, 1979). Earlier results from 
two locations in Iowa had shown that well-fertilized continu­
ous corn and rotation corn yields were similar (Shrader 
et al., 1966), and that the only effect of the rotation was 
its contribution to N fertility. Baldock and Musgrave (1980) 
found results similar to those of Shrader et al. (1966) from 
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a New York crop rotation experiment which included continu­
ous corn. 
Earlier cropping experiments have shown larger differ­
ences between rotation and continuous corn yields, but these 
may have been due largely to the fertility factor. In some 
of these experiments, continuous corn received inadequate N 
fertilizer for maximum yields (Shrader and Pierre, 1966). 
Two of the earlier long-term experiments in which continuous 
corn yields decreased markedly with time are discussed next. 
Hobbs (1955) reported the results from a crop-sequence 
experiment begun in 1909 in Manhattan, Kansas. Corn, alfalfa, 
and wheat were grown as monocultures or in rotation. Over 
time, yields of continuous corn or alfalfa declined for all 
fertility treatments used, but yields of continuous wheat 
with a complete N-P-K fertilizer treatment increased. A 
confounding factor in this increase with time was the use of 
improved wheat varieties over the years (1911-1952). The 
rates of N fertilizers (about 30 lb N/acre) applied to the 
corn plots were inadequate. In a 16-year rotation including 
4 years of alfalfa followed by 12 years of grain, corn yields 
increased with time, but alfalfa yields did not, probably be­
cause moisture was a limiting factor. 
In another long-term experiment conducted in Wooster, 
Ohio, Haynes and Thatcher (1955) found that yields of con­
tinuous corn decreased with time. Continuous corn plots were 
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treated yearly from 1915 to 1935 with 2 tons/acre of manure, 
which would contain about 20 lb N/acre (Brady, 1974, p. 540), 
From 1936 to 1953, no N was applied. Corn residues were 
removed from the plots. With these crop-management condi­
tions, average continuous corn yields for the 1915-1935 and 
1936-1953 time periods were 32 and 12 bu/acre, respectively. 
In contrast, first-year corn yields following 3 years of 
legume meadow averaged nearly 80 bu/acre. The authors also 
concluded that nearly all of the effect of a rotation on 
crop yields occurred within the first cycle, with little 
cumulative long-term effect of rotations on soil productivity. 
Voss and Shrader (1979) reported progressively decreased 
yields in the second and third years if corn were grown 2 
or 3 years in succession following another crop. From 
experiments conducted at five different locations, they 
found that first-year corn outyielded second-year corn by 
about 5% in recent years. Average third-year corn yields 
were between those of second-year and continuous corn. 
To summarize the literature on crop rotation effects on 
corn yields, corn in rotation with meadow yielded higher than 
corn grown in monoculture, even if high rates of fertilizer 
tion were used. Continuous cropping of corn without high 
fertilization decreased corn production with time. Differ­
ences between yields of continuous corn and rotation corn 
were due mostly, but not solely, to N fertility. Beyond the 
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fertility factor, additional soil and crop factors may affect 
the yield for a single season or the average yield for many 
seasons. 
One factor which is important in a farmer's decision on 
cropping sequence is the suitability of his soil for alterna­
tive sequences. In particular, the susceptibility of the 
land to erosion is often the first consideration in deciding 
on a crop rotation. This factor is discussed next and then 
other agronomic factors are discussed. 
Soil erosion 
Shrader and Pierre (1966) discussed the relationship 
of cropping to wind and water erosion of the soil. They 
stated that wind erosion was much less of a problem than water 
erosion in the eastern Corn Belt, but increased in relative 
importance in the western Corn Belt. Different kinds, 
amounts, and orientation of crop residues have been found to 
influence wind erosion. These authors stated that standing 
vegetation provided more protection against wind erosion than 
flattened vegetation, and that residues completely covering 
the soil, such as small grain stubble or meadow crops, pro­
vided better protection than residues from row crops. 
For soil in the Midwest with level or nearly level 
topography, water erosion is generally not a serious problem, 
even with intensive row cropping. As slopes of fields become 
greater than 2%, however, water erosion becomes an increas­
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ingly greater problem (Shrader and Pierre, 1966). 
Wischmeier (1960) included a cropping-management factor 
in his soil-loss equation. The equation also included terms 
for average rainfall, length and degree of slope, conserva­
tion practices, and soil erodibility. He found a highly 
significant negative correlation between erosion losses and 
crop yields, and incorporated this into the cropping-
management factor. The higher yields were associated with 
better root growth, thicker canopy, and more residues, all 
of which tend to decrease water erosion of the soil. 
Erosion from a row crop following meadow was estimated 
by Wischmeier (1960) to be 14 to 68% of that for continuous 
corn. If residues from continuous corn were removed, erosion 
was significantly higher. From Wischmeier*s reference tables, 
the cropping-management factor for a sequence of crops and 
residue management may be calculated. With values of the 
other factors in the soil-loss equation, the total potential 
soil erosion for different crop rotations may be estimated. 
Soil fertility 
Soil nitrogen Perhaps the most important fertility 
aspect of crop rotations is the amount of N supplied by a 
legume to the following crop or crops. Schmid et al. (1959) 
concluded that N was the most important single factor affect­
ing yields of corn following legumes. Nitrogen fertilizers 
now serve much the same function as legumes in supplying N, 
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but without requiring the loss of a year or more of corn 
production (Shrader and Pierre, 1966), However, the amount 
of N supplied by a leguminous meadow or by a soybean crop is 
still of interest for crop rotation and fertilizer management 
decisions. 
Shrader and Voss (1980) stated that an alfalfa or red 
clover crop of over 3.5 ton/acre often supplied as much N 
to a following corn crop as was needed, and resulted in yields 
as high or higher than those of continuous corn fertilized 
with 150 to 200 lb N/acre. If less than 3 tons of hay were 
produced, the N needs of first-year corn increased about 50 
lb/acre per ton decrease in hay production. The authors 
also maintained that the amount of N produced for the follow­
ing crop was approximately the same whether the hay was re­
moved or plowed under. 
Data obtained by other authors for the amount of N pro­
duced by a good leguminous meadow crop agree with those of 
Shrader and Voss (1980). Baldock and Musgrave (1980) found 
that 2 years of alfalfa contributed approximately 120 lb N/ 
acre to the following crops. Sutherland et al, (1961) esti­
mated that, in a corn-oats-meadow rotation, 54 to 200 lb N/ 
acre were produced by the legume. Shrader et al, (1966) 
found that a meadow containing alfalfa and red clover sup­
plied 100 or more lb N/acre to corn as compared with that 
supplied only by the soil to continuous corn. 
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Shrader and Voss (1980) also estimated that a soybean 
crop supplied to the following corn crop about as many pounds 
of N per acre as bushels per acre of soybeans harvested. With 
good soybean yields, 50 lb N/acre, or more, would be avail­
able for corn which followed. Their method of estimation 
(Shrader and Voss, 1972), however, could have confounded the 
N production with an unknown factor causing a yield reduction 
of corn following corn. Schmid et al. (1959) found that corn 
following soybeans yielded 25% more than corn following oats 
if no N fertilizer was applied. Thus, although a soybean 
crop does not contribute as much N to the following corn as 
does a leguminous meadow, it does supply part of the N 
requirement. 
Nitrogen, either from the legume or N fertilizer, may be 
carried over from one cropping season to another. Shrader 
et al. (1966) found less N requirement for second- and third-
year corn after meadow than for continuous corn. Higgs 
et al. (1976) found that oats benefitted from N applied to 
corn the previous year, although soybeans and hay did not. 
White et al. (1958) found that quantities of residual N 
carried over to oats ranged from insignificant amounts to as 
much as 49% of the application made to corn the previous year. 
Cooke (1976), describing the results from crop rotation ex­
periments in England, noted that inorganic N fertilizers had 
large residual effects the first year following application. 
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but much smaller effects the second and third years after 
application. Farmyard manure had much longer residual effects. 
Soil phosphorus » potassium, and pH Crop rotations 
affect soil fertility variables other than N. The P, K, and 
pH levels of the soil are affected by the crop sequence, es­
pecially if the whole plant is harvested (Shrader and Voss, 
1980), The P removal is generally less variable among crops 
in the rotation than is the removal of Ca and K. In a soil 
in northwestern Iowa,initially low in P, Barrihart et al. 
(1978) found that soil test P levels in continuous corn plots 
harvested for grain were higher than in continuous corn plots 
harvested for silage. Available P in the soil decreased if 
17.5 lb P/acre were applied, but increased if the rate was 
increased to 26 lb P/acre. 
Much larger amounts of K than P are removed if the whole 
plant is harvested (Aldrich et al., 1975, Table 1, p. 368). 
For example, the removal ratio of K to P is about 1.4 for 
corn grain, is nearly 4 if the stover is also harvested, and 
is 8 to 9 for alfalfa or red clover hay crop. The amount of 
K removed in a 100 bushel-per-acre corn crop harvested for 
grain and silage would be about 22 and 102 lb K/acre, respec­
tively. A 3-ton alfalfa crop would remove about 112 lb K/ 
acre, and a 33 bushel soybean crop would remove 38 lb K/acre. 
Barrihart et al. (1978) found that exchangeable K levels in 
continuous corn plots harvested for grain declined to about 
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100 ppm and stabilized, but K levels in continuous corn 
plots harvested for silage stabilized at 71 ppm. This illus­
trated the increased K requirement if the whole corn plot is 
harvested for silage. 
Soil acidity is affected both by N fertilizer rates and 
by the quantities and types of plant materials removed from 
the land (Shrader and Voss, 1980). Brady (1974, p. 520) 
stated that because of the acidity produced by the nitrifica­
tion of ammonium-N, approximately 1.8 lb of calcium carbonate 
(CaCOg) is required per lb of N applied in the form of anhy­
drous ammonia, urea, or ammonium nitrate to neutralize the 
acidity. Jolley and Pierre (1977) confirmed this figure for 
the amount of CaCOg required. Barnhart et al. (1978) found 
that lime requirements were directly related to N fertilizer 
rates applied to continuous corn harvested for grain or silage. 
Different crops remove different amounts of Ca and Mg 
and, hence, influence lime requirements. The same table 
cited earlier for K removal (Aldrich et al., 1975) also in­
cluded data for Ca and Mg removal by various crops. For the 
same crop yields as listed in the paragraph on K removal, the 
amounts of Ca removed by crops of corn grain, corn silage, 
alfalfa, and soybeans would be about 11, 29, 84, and 6 lb 
Ca/acre, respectively. The corresponding amounts of Mg re­
moved would be 13, 25, 15, and 6 lb Mg/acre. Thus, the soil 
acidity produced by N fertilizers and removal of Ca and Mg 
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by crops in various crop rotations should be considered in 
liming management. 
Soil organic matter , 
Soil organic matter serves several functions important 
for plant growth (Brady, 1974). It is a source of N, P, 
and sulfur (S) and is a source of the cation exchange capacity 
of the soil. Therefore, fertility aspects of crop rotations 
are related to soil organic matter. It also affects soil 
physical properties by aiding granulation and good tilth and 
by increasing the infiltration rate and plant-available water-
holding capacity. 
Soil organic matter content is not easy to determine 
accurately (Brady, 1974). One method is to determine organic 
carbon (C), which comprises approximately 58% of organic 
matter. A second method is to determine the N content of the 
soil which, if assumed to be the organic N portion, has a 
relatively constant ratio with organic C. This C:N ratio 
is approximately 11:1. Thus, by knowing the amount of organic 
C or N in the soil, an estimate of percentage soil organic 
matter may be obtained. 
Several of the long-term cropping experiments in the 
united States and England have provided estimates of the 
decline in soil organic matter with cropping. Cooke (1976), 
in a review of long-term experiments in England, discussed 
the Broadbalk wheat and Hoosfield barley continuous cropping 
38 
experiments begun in 1843 and 1852, respectively. Soils in 
both experiments reached a fairly stable N level after 20 to 
30 years and still contained about 0.1% N, equivalent to 
about 2% organic matter, after a century of cropping. Only 
P and K fertilizers, were applied. With N fertilizer also 
added, the organic matter content was about 2.3%. With 
15,6 tons/acre of farmyard manure applied annually for a 
century, the N content of the soil was about times the N 
content of soil with no N or manure applied. At Woburn, a 
different site, the organic matter content of the loamy sand 
soil continually cropped to wheat and barley has declined 
from the original level of 2.6% organic matter a century ago 
to about 1% in recent years. 
Cooke (1976) also gave an example of the change in soil 
organic matter after a plot of the Broadbalk wheat experiment, 
continuously cropped for 40 years, was sown with a mixture 
of legumes and grasses. In 20 years, the soil N levels had 
increased from 0.108 to 0.145%. From the time it was sown 
to natural legumes and grasses, the soil has gained N at the 
rate of 49 lb/acre annually. 
Information on effects of crop rotations on rates of 
soil organic matter decline has been obtained from the Morrow 
plots in Illinois (Welch, 1976). Cropping was initiated in 
1876 and by 1904 the amounts of organic matter in the plow 
layer of plots used for unfertilized rotations of continuous 
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corn, corn-oats, and corn-oats-clover were 3.8, 4.3, and 
5,2%, respectively.^ By 1973, organic matter levels of the 
soils used for the three rotations declined to 67, 73, and 
78%, respectively, of those in 1904, The unfertilized plots 
had steeper rates of organic matter decline than those treated 
with manure, lime and P. Between 1904 and 1973, the greatest 
decline in organic matter in the fertilized plots was in the 
continuous corn rotation, with the 1973 level 80% of that in 
1904. This experiment illustrated that both crop rotations 
and soil amendments helped preserve soil organic matter 
levels. 
Research by other scientists corroborates that of Welch 
(1976). Salter and Green (1933) estimated annual losses of 
soil organic matter to be greatest for continuous corn, less 
for continuous oats or wheat, and least for 3^ or 5-year 
rotations containing a year of clover. Bartholomew et al. 
(1957) noted that more organic N from the topsoil was lost 
with continuous corn than with a corn-oats rotation and 
that least losses occurred with rotations containing meadow 
at least once every 3 years. Similar results were observed 
by Haynes and Thatcher (1955) at Wooster, Ohio, in an ex­
periment established in 1915 on an area which had been farmed 
for many years. Continuous corn caused the largest decline 
^Soil N percentages were multiplied by 20 to obtain soil 
organic matter percentages (Thompson and Troeh, 1973, p. 119), 
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in soil N. Substantial gains in soil N occurred by 1950 in 
plots cropped in a 5-year rotation including 3 years of 
alfalfa. Relatively little change in soil N occurred with a 
rotation including 3 years of corn and 1 year each of wheat 
and meadow. 
Loss of organic matter under continuous corn may be 
quite large, especially if the whole plant is harvested. 
Woodruff (1949) reported the changes in soil organic matter 
accompanying continuous corn with residues removed; organic 
matter levels in the soil were 3.4% in 1888, 1,8% in 1915, 
and 1.4% in 1948, Barnhart et al. (1978) reported a decline 
in soil organic matter from an original level of 4.5% to 
3.7% after 15 years of growing continuous corn for silage. 
Mcintosh and Varney (1973) recorded a decrease in organic 
matter from 5,2 to 4,3% after cropping with continuous corn 
silage for 5 years. They also found that application of 20 
tons of manure per acre maintained the original soil organic 
matter level. 
Although many older long-term experiments have shown 
large declines in soil organic matter associated with con­
tinuous corn, present-day technology can achieve high yields 
and maintain the level or slow the rate of decline of soil 
organic matter (Shrader et al., 1962), This may be done by 
using high rates of N fertilizers and returning crop residues 
to the soil. In a crop rotation experiment, Hageman and 
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Shrader (1979) found no significant difference in soil or­
ganic matter levels between plots used for continuous corn 
and a corn-oats-meadow-meadow rotation after 20 years of 
cropping. High yields were obtained from continuous corn 
and a high amount of stover was returned to the soil. 
Larson et al. (1972) estimated that about 3 tons of cornstalk 
residues per acre were needed to maintain organic carbon 
levels in the plow layer of a Marshall silty clay loam. Large 
amounts of N were applied at the time of incorporation of the 
cornstalk residues. 
Soil organic matter levels may not need to be maintained 
at high levels to obtain high crop yields. Cooke (1976) 
stated that although organic manures resulted in better soil 
structure and physical conditions than inorganic fertilizers, 
these benefits were not translated into higher crop yields. 
Soil structure 
Soil structure is affected by soil organic matter con­
tent and, consequently, by crop rotation. In general, soil 
structure is improved by legumes and grasses in a rotation, 
and this improvement is often shown by decreased plow draft 
and improved infiltration rate and permeability in the plow 
layer (Blake, 1980). Less tillage for nonrow crops results 
in less soil compaction, less organic matter decomposition, 
and a more favorable environment for earthworm activity. 
As mentioned previously, Cooke (1976) found no relation­
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ship between crop yields and soil structure. Barber (1959) 
found that corn yields were affected little by differences 
in soil aggregation. Blake (1980) also emphasized that yield 
prediction from soil physical properties was not easy. He 
stated that the dependence on crop rotations for improved 
soil structure has diminished with current reduced tillage 
practices and higher amounts of residues incorporated into 
the soil. Corn, because of its high amounts of residues, 
was, in his opinion, aptly suited to monoculture on the good 
soils of the Corn Belt. He cautioned, however, against dis­
continuing the use of crop rotations on soils whose physical 
conditions were poor and in climates less favorable for 
monoculture. 
Brady (1974) cited studies from 4 states in which culti­
vated soils have been compared with nearby uncropped areas. 
Cropping had been carried on from 40 to 150 years in these 
locations. Percentage pore space was less and bulk densi­
ties were higher in the cultivated soils. Laws and Evans 
(1949) compared soils from a virgin meadow and an adjoining 
field cropped continuously to cotton for 90 years. Total 
pore space was only slightly higher for the virgin soil, but 
macropore space was twice that of the cultivated soil. These 
data illustrate the degradation of soil structure by farm 
tillage operations. 
Experiments have shown differences among crops and crop 
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sequences in their effects on soil structure. Barber (1959) 
used an aggregation index based on percentages of water-
stable soil aggregates. He determined that this index was 
highest on soil cropped to bromegrass, intermediate for al­
falfa, and least for corn. Wilson et al. (1947) measured 
percentages of soil aggregates greater than 2 mm in the plots 
of corn and meadow in a corn-oats-meadow rotation, continu­
ous corn, and a bluegrass sod. The order of the crops with 
respect to percentage of large water-stable aggregates was: 
continuous bluegrass > rotation meadow > rotation corn > 
continuous corn. 
Soil structure is also related to amounts of residues 
returned to the soil. Morachan et al. (1972) observed in­
creased water retention and wet aggregate stability with 
increased crop residues. Hageman and Shrader (1979) found 
no significant difference in soil bulk densities between 
plots cropped to a corn monoculture for 20 years and those 
cropped to a corn-oats-meadow-meadow rotation. This result 
was not too surprising because relatively large amounts of 
residues were returned by the high-yielding continuous corn, 
and soil organic matter levels were similar in the plots 
of the two cropping systems. 
The literature on soil organic matter and soil structure 
indicates that crop rotations affect these factors. Several 
authors have found, however, that crop yields were not 
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affected by soil structure and soil organic matter levels. 
This does not lead to the conclusion that the effect of dif­
ferent crop rotations on soil structure may generally be 
ignored (Blake, 1980). 
Soil moisture 
A secondary effect of growing a deep-rooted legume, 
such as alfalfa, in rotation with corn is that the meadow 
uses more moisture than corn (Shrader et al., 1962). Under 
semiarid conditions, this may lead to less yield of corn 
following alfalfa than following annual crops (Shrader and 
Voss, 1980), Hobbs (1955) attributed declining yields in 
continuous alfalfa grown at Manhattan, Kansas, to a lack of 
moisture, noting that the crop removed almost all available 
water to a considerable depth in the soil. 
Mowers et al. (1981) estimated that about 8 inches of 
preseason available moisture was necessary in northwestern 
Iowa, to get corn yields over 100 bu/acre in 7 of 10 years. 
Their study indicated that this level of moisture seldom was 
present at plating time for corn following the second year 
of meadow in a corn-oats-meadow-meadow rotation. Holt et al. 
(1964) measured spring soil moisture in a similar climatic 
zone, and found much higher amounts of spring moisture for 
corn following corn or soybeans than Mowers et al. (1981) 
had for corn in the COMM rotation. Thus, in areas where 
moisture is limiting, such as the subhumid moisture zone 
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of the western Corn Belt, corn yields following alfalfa may 
be more limited by moisture than those following an annual 
crop. 
Diseases, weeds, and insects 
Crop rotations have helped control disease, weeds, and 
insects (Shrader et al., 1962). With the advent of rela­
tively inexpensive chemicals to control weeds and insects, 
farmers now have other means of pest control (Coble, 1980; 
Barnes, 1980). Resistance of insects to insecticides and 
rising costs, however, have sparked renewed interest in con­
trol by crop rotations (Barnes, 1980). 
Walters (1980) discussed control of crop diseases with 
rotations. Those pathogens with few possible hosts and with­
out the ability to survive over long periods of time have 
been the most easily controlled with crop rotations. Fungal 
root diseases, with the exception of certain Fusarium. 
Pvthium. and Phvtopthera species, are examples. Crop rota­
tions have helped control root rots and seedling diseases in 
corn and many fungal diseases of soybeans. Crop rotations 
have been less successful in controlling bacterial and virus 
diseases. 
Coble (1980) stated that weed control by crop rotations 
is probably of minor importance, especially in the Midwest. 
Rotation to another crop, such as to soybeans so that herbi­
cides may be used to control Johnsongrass, often has been 
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used in the South• In this case, it was not the rotation 
itself, but the technology associated with growing a dif­
ferent crop which allowed better weed control. Coble also 
cited that the use of herbicides in corn monoculture re­
sulted in a decrease in populations of annual weeds in re­
search done in Illinois. 
Barnes (1980) reviewed present uses of crop rotations 
for insect control. He noted that the best control by rota­
tions was for insects with few generations per year or a 
generation requiring more than one season. A major insect 
pest controlled by rotations has been the corn rootworm which 
has one generation per year. Soybeans in rotation with corn 
provided control unless the soybean field had excessive 
volunteer corn. Without the corn present every year, 
rootworm larvae do not have food available and, consequently, 
do not develop into egg-laying adults. Thus, crop rotations 
serve an important function in controlling this pest. 
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CHAPTER III. MATERIALS AND METHODS 
The rotation-fertility experiment has been conducted at 
the Northwest (Galva-Primghar) Research Center near Suther­
land, Iowa, in O'Brien County from 1957 to the present time. 
The experiment included six rotations: continuous corn har­
vested for grain (C), continuous corn harvested for silage 
(Cg), corn-soybeans (CSb), corn-corn-oats-meadow (CCOM), 
sorghum-corn-oats-meadow (SgCOM), and corn-oats-meadow-
meadow (COMM). Rates of N ranging from 0 to 120 lb/acre 
were applied to corn. This experiment was designed to com­
pare crop yields among the various rotations and to deter­
mine the N fertilizer requirements of corn in the rotations. 
Soils of the Experimental Area 
The Northwest Research Center is located in the Galva-
Primghar-Sac soil association area. The experiment is lo­
cated in an area with less than 2% slope on a Galva silt 
loam, which is a fine-silty, mixed, mesic Typic Hapludoll. 
Galva soils are well-drained with silty clay loam surface 
and subsoil horizons and silt loam loess substrata. Other 
characteristics of these soils are given by Oschwald et al. 
(1965). 
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Design of Experiment 
The. rotation-fertility experiment at the Northwest Iowa 
Research Center was arranged in a randomized block,split-
plot design and is diagrammed in Figure 1. Crop rotations 
were the whole-plot treatments and N fertilizer rates were 
split-plot treatments. The rotations used were C, CSb, CCCM, 
SgCOM, COMM, and C^. The six rotations were considered treat­
ments and were randomly assigned to main plots (20 feet by 
160 feet in size) within each block at the initiation of the 
experiment. Rotations were not rerandomized in subsequent 
years. 
Within each main plot, there were four subplots to which 
N fertilizer rates were randomly assigned at the beginning 
of the experiment. These subplots were 20 feet by 40 feet in 
size. To each subplot the same N rate was applied every year 
that corn was planted on the whole plot. For any rotation 
including meadow, the N rates were 0, 20, 40, and 80 lb/acre. 
For the continuous corn and CSb rotations, 0, 40, 80, and 120 
lb N/acre were used. Nitrogen was applied in the form of 
ammonium nitrate. 
There were eight blocks for the experiment. The blocks 
are labeled AI, All, BI, BII, CI, CII, DI, and DII in Figure 
1. In 1957, the first crop in each rotation was planted in 
the A blocks. For that year, the B, C, and D blocks were 
planted to soybeans. In 1958, B blocks were planted to the 
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Figure 1. Plan of the fertility-rotation experiment. 
Northwest Iowa (Galva-Primghar) Research Center 
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first-year crop of each rotation, A blocks were planted to 
the second-year crop of each rotation and C and D blocks were 
planted to soybeans. Likewise, rotations were begun on C 
blocks in 1959 and D blocks in 1960. By this method of 
lagging by one year the planting of the first crop of each 
rotation, all crops of each rotation appeared every year 
after 1960. 
The continuous corn silage rotation was begun in 1961. 
Prior to 1961 the main plots labeled 6 in Figure 1 had been 
planted to an extra COMM rotation. From 1961 to the present, 
the rotation 6 plots have been in continuous corn and the 
stover has been removed from these plots. Starting in 1963, 
the Cg plots were sampled for corn grain yields as well as 
silage yields. In this dissertation, only the corn yield 
data from 1963 to 1978 will be used. 
Potassium Fertility Treatments 
Potassium (K) fertilizer treatments were applied to the 
continuous corn silage plots beginning in 1974. The rates 
applied were 50, 100, 150, and 0 lb K/acre to rotation 6 
plots in A, B, C, and D blocks, respectively. 
A small amount of K, 8 lb/acre per year as a starter 
fertilizer, was applied to corn, sorghum, and soybeans in 
all rotations from 1963 to 1971. Only the rotation, 
however, received the K treatments of 0, 50, 100, and 150 
lb/acre. 
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Phosphorus Fertilization 
From 1961 to 1971, 26.2 lb P/acre were broadcast once 
every 4 years prior to one of the corn crops. An additional 
amount equivalent to 8.7 lb P/acre/year also was applied. 
This was applied annually as starter fertilizer in the row 
to corn, soybeans, and sorghum. It was applied broadcast 
to the oats crop and the amounts for meadow crops following 
oats were also applied to the oats crop of the rotation. 
Thus, 17.4 lb P/acre were applied to oats followed by one 
year of meadow and 26.2 lb P/acre were applied to oats fol­
lowed by two years of meadow. 
From 1971 to 1977, 26.2 lb P/acre were broadcast in the 
fall to all plots. 
Crop Planting, Culture, and Harvest 
Information on corn planting, culture, and harvest is 
given only for the years for which corn yields were analyzed, 
1963-1978. Corn was planted in six 40-inch rows within each 
plot. The normal time of planting was early to mid-May. 
Plant populations were adjusted to 16,000 plants per acre by 
thinning soon after emergence. The corn varieties planted 
were; NIEA 333 in 1963, Iowa 5063 in 1964-1966, Pioneer 3558 
in 1967-1968, and Curtiss A239 (formerly Burts A239) from 
1969-1978. 
Plots were moldboard plowed in the fall except for 1977 
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and 1978, when they were spring plowed. The corn plots 
were disked before planting, planted, rotary hoed once or 
twice, and cultivated two or three times. For additional 
weed control, propachlor herbicide was applied. Atrazine 
herbicide was also applied in some years, but because of the 
danger of carryover injury, was only used on plots to be 
followed the next year by corn. 
Insecticides were used at recommended rates for control 
of corn soil insects, such as corn rootworms. Insecticides 
were applied to all corn plots except in the years 1971 to 
1976, when they were only applied to plots in corn following 
corn or corn following sorghum. The insecticides varied 
from year to year and were rotated to improve control. They 
included aldrin, diazinon, bufencarb, carbofuran, and 
terbufos. 
Corn grain yields were determined by hand harvesting 
33.3 feet of the middle two rows (0.0051 acre) of each six-
row plot. On the continuous corn silage plots, grain samples 
were obtained from the second and fifth rows. Corn grain 
yields were converted to bushels per acre of shelled corn 
(56-lb bushels) adjusted to 15.5% moisture. 
The other crops grown, soybeans, oats, alfalfa, and 
grain sorghum, were tilled, planted, and harvested in a con­
ventional manner. Sorghum and soybean plots were fall 
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plowed, disked before planting, planted, rotary hoed, and 
cultivated two or three times. Oats plots were fall plowed 
and disked before planting in early April. Alfalfa was 
seeded with the oats and became the meadow crop the year 
following oats. 
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CHAPTER IV. RESULTS AND DISCUSSION 
Introduction 
The objectives of the rotation-fertility experiment at 
the Northwest Iowa (Galva-Primghar) Research Center included: 
(l) estimating the differences among rotations on long-term 
yields of crops, (2) determining the effects of rotations on 
the N fertilizer requirements of corn, and (3) assessing the 
K requirements of corn harvested for silage. 
The first objective included primarily the comparison 
of corn yields in different rotations• Continuous corn 
yields were contrasted to those from rotations including 
legumes. Also, comparisons were made between continuous corn 
harvested for silage and continuous corn harvested for grain 
only. These results indicate some of the long-term effects 
of these cropping systems on soil productivity. 
For the second objective, the corn yield responses to N 
rates for the various rotations were estimated. Yield re­
sponses to N for corn grown continuously were compared with 
those for corn in other rotations to estimate the N contribu­
tions of one or two years of meadow and of soybeans. 
The third objective of this experiment was to determine 
the response to K fertilizer of continuous corn with the 
stover removed. Because continuous corn harvested for silage 
had removed large amounts of K, the K fertilizer treatments 
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were begun on the continuous corn silage plots in 1974 to 
estimate corn grain responses to K fertilizer in the 
rotation. 
This chapter is divided into several sections. Long-
term corn grain yield averages are presented first. Next,a 
response function for grain yields on K fertilizer rates 
is proposed and estimated. This function was used to adjust 
corn grain yields of the rotation in 1974-1978 to the 0 
lb K/acre (Kj level so that yields for all years from the 
Cg rotation could be used in the combined analyses. Con­
trasts among corn rotation-positions are tested using analy­
sis of variance of corn yields. Plot error components are 
then estimated. Finally, a response function of corn grain 
yield on N rates is proposed and estimated. 
Long-Term Corn Grain Yield Averages 
The average corn yields for the 16 years from 1963 to 
and including 1978 are given in Table 1. The highest average 
corn yield occurred in the COMM rotation and the lowest in 
continuous corn with stover removed (C^). 
Average yields of corn following corn were less than 
those of corn following a different crop, even at the high 
rate of N fertilization. This agreed with the results of 
Higgs et al. (1976). Average yield over all N rates of first-
year corn in the CCOM rotation was 9 bu/acre greater than 
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Table 1. Average corn grain yields in the 16 years, 1963-
1978, from the rotation-fertility experiment. 
Northwest Iowa (Galva-Primghar) Research Center 
Average corn grain yields (b^acre) from 
Rotation 
Average 
of all 
N rates 
following N rates' 
N rate (lb N/acre) 
20 40 80 120 
ÇOMM 114.6 115.0 117.4 112.9 113.0 
ÇCOM 108.3 105.3 109.1 108.1 110.9 
C£OM 99.2 87.5 99.4 103.7 106.0 
SgÇOM 106.7 98.7 106.3 110.0 112.0 
ÇSb 104.4 88.6 105.1 110.5 113.2 
Ç 92.2 67.4 92.7 101.9 106.5 
Gs"" 86.1 61.7 87.7 96.4 98.6 
The underlined yield for each rotation is that from 
the N rate that gave the highest long-term average yield. 
^The corn crop in the rotation for which average yields 
are given is underlined. 
^After yields in 1974-78 were adjusted to the KQ level, 
averages were 84,9 for all N rates, and 61.7, 86.8, 94.8, 
and 96.3 for 0, 40, 80, and 120 lb N/acre, respectively. 
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that of second-year corn. Part of this difference was from 
yields at the low N rates which were included in the aver­
ages. However, at the highest rate of applied N for this 
rotation, 80 lb N/acre, the difference was still about 5 bu/ 
acre. At the 120 lb N/acre rate, average yield of continuous 
corn harvested for grain only was less than that of corn 
following soybeans. 
The rotations exhibited different yield response pat­
terns to N fertilizer rates. The highest average corn yield 
in the COMM rotation was at the 20 lb N/acre rate. In the 
CCOM rotation, average first-year corn yields were nearly 
the same for the rates 20, 40, and 80 ib N/acre, but the 
highest average second-year corn yield occurred at 80 lb 
N/acre, For corn following any crop except alfalfa meadow, 
highest yields were obtained at the highest rate of N applied. 
The N fertilizer rate at which maximum yield occurred in 
each crop rotation varied with weather conditions as well as 
with crop rotation, as shown in Table 2. For each rotation 
and each year, average corn yields for the four N rates were 
computed. The moisture stress indices at the Northwest Iowa 
(Galva-Primghar) Research Center are also listed in Table 2. 
In 1968, a year of crop failure because of high moisture 
stress, maximum yields in all rotations occurred at 0 or 20 
lb N/acre. In years with less moisture stress, corn in rota­
tions other than COMM required high rates of N for maximum 
Table 2. Maximum average corn grain yield and associated N rate of each crop 
rotation and year, 1963 -1978, Northwest Iowa (Galva-Primghar) 
Research Center 
Moisture 
stress 
index" 
Maximum yield (bu/acre) and associated N rate in 
following rotations^ 
Year C CSb CCOM CÇOM SgCOM COMM Cs 
1963 2.7 121 E 129 E 139 B 131 D 129 C 141 D 113 D 
1964 28.1 100 D 114 D 103 D 103 B 100 C 107 B 105 D 
1965 38.9 79 E 84 D 84 D 73 C 86 C 88 B 83 D 
1966 18.0 111 D 117 D 116 D 125 C 134 D 133 D 110 E 
1967 62.1 72 C 86 E 61 A 64 D 79 C 81 D 65 C 
1968 76.8 17 A 35 A 18 B 7 A 14 A 26 B 17 A 
1969 3.4 150 £ 152 E 153 D 140 B 138 D 162 B 134 D 
1970 41.3 85 E 87 D 91 D 84 D 102 D 102 B 83 D 
1971 15.5 131 E 131 E 132 C 128 D 129 D 141 D 126 E 
1972 9.9 142 E 144 E 142 D 144 D 145 D 142 B 120 E 
1973 10.0 153 E 149 E 151 D 154 D 150 D 150 C 135 E 
1974 21.3 112 D 118 D 120 B 120 C 123 D 130 C 112 E 
1975 21.6 132 E 144 D 147 B 134 D 150 D 150 B 122 E 
1976 54.0 89 E 91 E 103 B 79 B 95 C 102 A 78 E 
1977 16.5 121 E 126 E 118 D 121 B 138 C 123 A 95 E 
1978 3.0 112 E 128 E 134 D 114 D 131 B 141 C 99 E 
^he letter following each yield indicates the N rate applied: A, B, C, 
D, and E denote 0, 20, 40, 80, and 120 lb N/acre, respectively. 
^The weighted moisture stress index values for this experimental farm were 
obtained from Dr. R. H. Shaw (Department of Agronomy, Iowa State University, 
unpublished data). 
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yield. 
The N rate needed for maximvun yield also seemed to 
change with time. In the last 8 years of the experiment, 
the highest N rate applied was required for best yields on 
the C and rotations, but in the first 8 years, the high­
est rate was not always needed. To a lesser degree,this 
same trend was observed for the corn in other rotations, 
except for corn following meadow. 
Long-term yield averages and associated N rates provided 
some information on crop rotation effects on corn yields and 
the N needs of corn in different crop rotations. More de­
tailed information on crop rotation and N fertilizer effects 
on corn yield responses, however, will be given in the sec­
tions on corn yield analysis of variance and corn yield re­
sponse functions to N fertilizer rates. 
Corn Yield Response to K Fertilization 
The arrangement of the K fertilizer treatments on the 
Cg plots caused problems in estimating the yield response 
functions. The K treatments, which were applied from 1974 
to 1978, were confounded with blocks. For example, 50 lb 
K/acre were applied to plots in blocks AI and All (Figure 
1). The Cg grain yields had to be adjusted to remove block 
differences before estimating the yield response function 
for K. 
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Corn data from the other rotations were used for the 
block adjustment of C grain yields. Corn yields for the 
years 1974-1978 from all rotations except C^ were regressed 
on blocks and rotations. From this regression, estimated 
block means, adjusted for rotation effects, were computed. 
The Cg grain yields were then adjusted to a zero difference 
among blocks for use in subsequent analysis of the data. 
This method of adjusting the yields required the assumption 
that block differences in C^ plots are the same as the block 
differences of all other rotations. 
The adjusted C^ grain yields for the K treatments are 
given in Table 3. As can be seen in this table, the average 
adjusted yields for the years 1974-1978 were 77.8, 84.4, 
81,4, and 85.3 bu/acre for plots receiving 0, 50, 100, and 
150 lb K/acre, respectively. Before adjusting, the average 
yields were 74.4, 85.3, 83,5, and 85.7 bu/acre, respectively. 
Throughout the experiment, the corn yields for the blocks 
labeled DI and DII in Figure 1 were consistently below those 
of the other blocks. Because C^ plots in these blocks were 
assigned the Kq rate, it was important to adjust for block 
differences so that the block differences would not be con­
strued as differences due to K. 
An analysis of variance of adjusted C^ grain yields for 
1974-1978 was computed and is presented in Table 4. The 
main-plot portion of the split-plot design included whole-
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Table 3. Mean Cg corn yields for 1974-1978, adjusted for 
blocks. Northwest Iowa (Galva-Primghar) Research 
Center 
Mean adjusted corn yields (bu/acre) for 
following K rates (lb K/acre)^ 
Year 0 50 100 150 
1974 93.1 98.5 94.8 91.7 
1975 82.5 93.4 87.4 93.9 
1976 67.2 65.6 61.9 59.1 
1977 60.7 84.3 91.7 92.0 
1978 85.5 80.1 71.2 89.5 
All years, 
all N rates 77.8 84.4 81.4 85.3 
All years, 
0 lb N/acre 48.2 48.3 49.6 51.0 
All years, 
40 lb N/acre 79.2 87.4 78.0 82.1 
All years, 
80 lb N/acre 89.6 101.7 94.7 100.6 
All years, 
120 lb N/acre 94.1 100.1 103.3 107.4 
^Adjusted 
means of all N 
corn yields for 
rates. 
individual years are the 
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Table 4. Analysis of variance of 1974-78 Cg grain yields, 
adjusted for blocks. Northwest Iowa (Galva-
Primghar) Research Center 
Source df SS MS 
Potassium treatments (K) 3 1373.25 457.75 
Year (Y) 4 17708.53 4427.13** 
K X Y 12 6575.98 548.00** 
Main-plot error 20 3218.83 160.94 
Nitrogen treatments (N) 3 66168.03 22056.01** 
N X K 9 1099.16 122.13** 
N X Y 12 4646.05 387.17** 
N X K X Y 36 2632.47 73.12* 
Subplot error 60 2365.10 39.42 
*,**Significant at the .05 and .01 levels. respectively. 
plot and year combinations. with the whole plots , as shown 
in Figure 1, being those having the rotation. Each S 5 
whole plot consisted of four subplots with N treatments of 
0, 40, 80, and 120 lb N/acre. 
In the main-plot portion of the analysis of variance, 
effects of K treatments, years (Y), and the K x Y interaction 
were tested. The K treatment effects were significant at 
the 0.10 probability level, and effects of_years and the K x Y 
interaction were significant at the 0.01 level. The K x Y 
interaction is illustrated in Table 3. In 1975 and 1977, 
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substantial yield increases occurred from K fertilizer, but 
yield decreased linearly in 1976 with increasing K rates. 
In the subplot portion of the analysis, there were 
highly significant effects on yield of N treatments, N x K 
interaction, and N x Y interaction. The N x K interaction 
can be seen in Table 3, A greater yield response to K 
occurred at the high rates than at the low rates of applied N. 
A corn yield regression model was estimated to analyze 
the Cg grain response to K. The proposed model was a grafted 
polynomial (Fuller, 1969). It was a quadratic function be­
tween 0 and 100 lb K/acre and a linear function with slope 
zero between 100 and 150 lb K/acre. With this model, corn 
yield response to K increases at a decreasing rate 
until the K requirement of the crop is met. Beyond this 
point, no further response occurs. The soil at this 
site has supplied most of the K for corn; unless large 
amounts of fertilizer K were lost by erosion or fixation, 
no significant response to applied K greater than 100 lb/ 
acre should occur. 
The proposed corn yield response function to K is; 
Yijt = pQ + Gt + + (aX)t + ^2^ + + 
p^NX + (aN)^ + u^jt , (4.1) 
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where: 
= the Cg grain yield, adjusted for blocks, from 
the subplot (j=l,...,4) of the i^^ whole 
plot (i=l,.,,,8) in the t^^ year (t=l,...,5), 
5 
a. = the effect of the t^^ year ( E a. = 0), 
^ t=l ^  
X = the variable for the grafted K polynomial 
described in the next paragraph, 
(aX). = the interaction effect of the K polynomial and 
^ 5 
years [ E (aX). = O], 
t=l 
N = the coded amount of N applied to the sub­
plot of the i^^ whole plot, with values of -0.6, 
-0.2, 0.2, and 0,6 for plots receiving 0, 40, 
80, and 120 lb N/acre, respectively, 
2 N = the square of the coded N value, 
NX = the product of N and X, 
(aN). = the interaction effect of N and years, 
^ 5 
[ 2 (aN). = O], 
t=l 
u. .. = the error term for the subplot of the i^^ 1 jt: 
whole plot in the t^^ year, and 
Pq, Pgf ^3» and are parameters to be estimated. 
The K polynomial variable, X, was created by imposing 
the restrictions of continuity and continuous first deriva­
tive at the joined point of a two-segment curve. The first 
segment was quadratic, the second linear, and the join 
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point was at 100 lb K/acre. A further restriction, that the 
slope of the linear segment be zero, was imposed. To meet 
these restrictions, a variable X, coded to have the values 
1, 0,25, 0, and 0 for plots receiving 0, 50, 100, and 150 
lb K/acre, respectively, was created. For the yield response 
function, both K and N inputs were measured in 100 lb/acre 
units, and N amounts were coded to have mean zero. 
The functional form of the grafted K polynomial is: 
f(K) = ag + a^K + agK^ for 0 < K < 1.0 
= bQ + b^K for 1.0 < K < 1.5 (4.2) 
subject to the restrictions: 
(i) ag + a^(l.O) + agfl.O)^ = b^ + b^(l.O), 
(ii) a^ + 2a2(1.0) = b^(l.O), and 
(iii) b^ = 0, 
where f(K) = the expected grain yield in bu/acre, 
K = the amount of K applied in 100 lb/acre units, and 
aQ, a^, ag, bg, and b^ are parameters to be estimated or 
whose values are fixed by restrictions. 
Using the restrictions, the only parameters required to 
specify the function completely are ag and bg. The estimated 
regression coefficient for X, is an estimate of ag, and 
is an estimate of bg. A graph of the fitted function in 
equation 4.2 is shown in Figure 2. 
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Figure 2, Grafted polynomial Cg response functions of K, 
1974-1978, Northwest Iowa (Galva-Primghar) 
Research Center 
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The postulated error structure of the yield response 
™odel is: = v,^ + «ijt (4.3) 
where; 
= the main-plot error occurring on whole plot i 
in year t, and 
e. .. = the error on subplot j of whole plot i in year t. 1 jt 
The random variables v^^^ and e^j^ are assumed to be inde­
pendently and normally distributed with mean zero and vari-
2 2 
ances and a^, respectively. The error covariance struc­
ture assumed is : 
2 . 2 . 
cov (Uijt» "i-j'f ^ = Ov + ^e if i = i' ' J = J' » t = f , 
= if i = i', j / jS t = t', and 
= 0 otherwise. (4,4) 
Regression equation (4.1) was fitted using the nested-
error regression option of SUPERCARP (Hidiroglou et al., 
1980), This computer program uses the kind of trans­
formation discussed in the literature review to obtain 
approximately uncorrelated errors. The transformation is 
necessary to obtain good estimates of standard errors of re­
gression coefficients because of the split-plot design of 
the experiment. 
The fitted regression equation, with estimated standard 
errors given in parentheses below the estimated coefficients, 
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is: 
^ijt ^ 92'7 + ^ + (oX)^ + 45.4 N - 43.5 
(1.5) (2.6) (.5) (5.1) (1.6) (3.7) 
- 8.6 NX + (aN)^ . (4.5) 
(3.2) (2.6) 
Estimates of the year, Y x K polynomial, and Y x N effects 
are given in Table 5. Each set of effects is subject to 
the restriction that their sum be zero. 
An analysis of variance was computed for the deviations 
after fitting equation 4.5 and is given in Table 6. The 
fitted regression equation accounted for large portions of 
the variability in the K treatments and in the K x Y and N x K 
interactions. Although the linear N x K term, NX, with a 
single degree of freedom, accounted for 36% of the varia­
bility associated with the N x K interaction (compare Table 6 
with Table 4), the variability associated with the remaining 
8 degrees of freedom for this interaction was still signifi­
cant at the 0,05 probability level when tested with the sub­
plot error mean square. When tested with the N x K x Y 
interaction, the remaining N x K interaction was not statis­
tically significant. There were no terms in the regression 
model to account for the N x K x Y interaction and, therefore, 
the sum of squares for this interaction did not change from 
Table 4 to Table 6. Although there were portions of N x K 
and N X K X Y variability not accounted for by equation 4.5, 
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Table 5. Estimated parameters 
and year x N effects 
sponse function of K 
of year, year 
in the fitted 
rates for the 
X K polynomial, 
grain yield re-
Cg rotation 
Year 
Year effect. Year x K 
effect, (aX)^ 
Year x N 
effect, (aN)^ 
1974 10.7 5.1 -2.4 
1975 8.0 -2.9 21.9 
1976 1 to
 
to
 
CJI
 
12.1 -7.5 
1977 7.9 -25.4 -10.9 
1978 -4.1 
o
 
H
 
H
 
0
 
H
 1 
the equation did explain a large portion of the variability 
and -was used to adjust the grain yields. 
From the fitted yield response function in equation 4,5 
and the restrictions on the grafted polynomial, estimates of 
the parameters of the grafted polynomial function in equa­
tion 4.2 were obtained. The estimated function is: 
^(K) = 86.9 + 11.6K - 5.8K^ for 0 < K < 1.0 and 
= 92.7 for 1.0 < K < 1.5, (4.6) 
where f(K) is the predicted yield expressed in bu/acre, K 
is expressed in units of 100 lb K/acre, and the response 
function is that for an average N level of 60 lb N/acre. 
A graph of this function is presented in Figure 2. 
In equation 4.5, the coefficient of the linear N x K 
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Table 6, Analysis of variance of residuals from the corn 
yield response function to K for 1974-1978 C 
corn yields. Northwest Iowa (Galva-Primghar) 
Research Center 
Source df SS MS F 
Potassium treatments (K) 2 475.76 237.88 1.48 
Years (Y) 0 0 0 0 
K X Y 8 1490.69 186.34 1.16 
Main-plot error 20 3218.83 160.94 
Nitrogen treatments (N) • 1 98.21 98.21 2.49 
N X K 8 700.19 87.52 2.22* 
N X Y 8 414.10 51.76 1.31 
N X K X Y 36 2632.47 73.12 1.85* 
Subplot error 60 2365.10 39.42 
•Significant at the .05 level. 
variable was = -8.6; estimated responses to K are 
greater when greater amounts of N fertilizer are applied. 
For example, if 120 lb N/acre were used (coded N = 0.6), 
the response function is: 
f(K) = 93.3 + 21.9K - 11.OK^ for 0 < K < 1.0 and 
= 104.3 for 1.0 < K < 1.5. (4.7) 
This function is graphed in Figure 2. The greater yield re­
sponse to K at the high rate of N can be seen. In contrast, 
at the 0 lb N/acre (Nq) rate, the response function is: 
71 
f(K) = 49.2 + 1.2K - 0.6k^ for 0 < K < 1.0 and 
= 49.8 for 1.0 < K < 1.5. (4.8) 
Thus, there was almost no yield response to K at Nq. 
Constraints ii and iii of equation 4.2 were removed and 
the resultant model was tested against that of equation 4.5. 
The unconstrained model did not provide a significantly 
better fit. Consequently, the fitted model, equation 4.5, 
was deemed suitable for expressing C^ grain yield as a 
function of K fertilizer. 
The Cg yield response function in equation 4.5 was used 
to adjust corn grain yields in the C^ rotation to remove 
expected K and K x N interaction effects before conducting 
the statistical analyses of the corn yields in all rotations. 
This was done to estimate yield response functions to N fer­
tilizer and long-term C^ rotation effects without the added 
influence of the K treatments applied in 1974-1978. The C^ 
grain yields were adjusted to the 0 lb/acre K application 
rate before computing the yield response functions. Data 
in Tables 1 and 2, however, were not adjusted to the Kq rate. 
After adjustment, the average C^ grain yield for the 16 
years of the experiment was 84.9 bu/acre. The mean yield 
was lowered 1.2 bu/acre from that computed without adjusting 
the last 5 years of C^ grain yield data (Table 1). 
Once the predicted C^ yield from the response functions 
has been computed, equation 4,5 may be used to predict C^ 
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grain yields for amounts of applied K at a given rate of N 
fertilization. However, since data from only one site for 5 
years were used to develop equation 4.5, it should be used 
with caution. 
By equations 4.6 to 4.8, the maximum corn yield 
occurs at coded K = 1.0 (100 lb K/acre) no matter 
which N rate was used. In crop yield responses to two 
applied nutrients, one of the interaction effects is that 
the first nutrient influences the magnitude of yield response 
to the other nutrient. Also, the rate of the second nutrient 
associated with the maximum yield often varies with the 
level of application of the first nutrient. Equation 4.5 
takes into account the change in yield response to K with 
different levels of applied N, The rate of K application 
associated with maximum yield, however, does not vary for 
different levels of applied N. Thus, although equation 4.5 
is useful in explaining yield responses to K for different 
levels of applied N, it does not allow determination of dif­
ferent levels of K application which result in maximum corn 
yields for different levels of applied N. 
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Analysis of Variance of Corn Grain Yields 
An analysis of variance of corn grain yields was com­
puted. Contrasts among corn in various rotation positions 
were examined and interactions of contrasts with years and N 
levels were tested for significance. 
The discussion in this section will proceed as follows: 
(1) the model used for the analysis of variance will be pre­
sented, (2) the methods used for computing sums of squares 
and calculating their expected values will be discussed, 
(3) contrasts will be tested and the results discussed, and 
(4) the year x contrast, N x contrast, and year x N x con­
trast interactions will be discussed. 
Model for the analysis of variance 
Every plot was not planted in corn each year of this 
experiment. Thus, some lack of balance was present in the 
experiment. For example, in comparing continuous corn yields 
with those of rotation corn, corn was grown on C and C^ 
plots in each of the eight blocks every year, on CSb plots 
in four blocks each year and on ÇCOM, CÇOM, SgCOM, and 
ÇOMM plots in two blocks each year. The corn plots for 
the latter four rotation-positions shift to a different 
pair of blocks each year, cycling every four years. Because 
not every plot was planted in corn each year, a model for 
the analysis of variance was proposed and from this model 
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expected values of sums of squares were computed. 
The proposed model for the analysis of variance was a 
mixed model, with rotation treatments and N levels considered 
as fixed effects and blocks and years as random effects. 
The eight blocks shown in Figure 1 included four series, each 
with two replications. These series were designated by the 
letters A, B, C, and D in Figure 1. Series and replication-
within-series mean squares were not significantly different 
at the 0,10 probability level. Also, interactions of series 
with other factors were not significantly different from 
interactions of replications within series with those same 
factors. Consequently, blocks were used as location factors 
for the analyses. 
The proposed analysis of Variance model is: 
y = Xa + d + I# + f , (4.9) 
where: 
y = a vector of corn yields from each corn plot grown 
during the 16 years of the experiment, 
X = the incidence matrix for the intercept and the 
rotation treatments, 
a = the vector of parameters for the intercept and 
rotation-position effects, 
d = the vector of random effects from the main plots 
(year, whole-plot combinations). 
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W = the incidence matrix for N levels and rotation-
position X N level interactions, 
ip = the vector of parameters for N levels and rotation-
position X N level effects, and 
f = the vector of random effects from the subplots (N 
levels within main plots). 
The model can be seen to have a main-plots portion, Xa + d, 
and a subplots portion, Wjj^ + f . 
The vector of random effects for main plots (d) is: 
5 
d = 2 D-YJ + D^e , (4.10) 
i=l b-
where: 
= the incidence matrix for blocks, 
D2 = the incidence matrix for rotation-positions x blocks, 
Dg = the incidence matrix for years, 
= the incidence matrix for years x blocks, 
Dg = the incidence matrix for years x rotation-positions, 
and 
Dg = the incidence matrix for main plots (whole-plot, 
year combinations). 
The vectors (i=l,...,5) are assumed to be distributed in-
2 dependently of each other and of e and to follow a N(0, a. ) 
— — 1 
distribution. The dimension m^ of the identity matrix in each 
case is the number of elements in the corresponding vector 
Y^. The random error vector e is assumed to be distributed 
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N(0, where m = 448, the number of main plots in 
this experiment. 
The vector of random subplot effects (f) is: 
3 
f = S F + g , (4.11) 
where; 
= the incidence matrix for the N x rotation-position 
X blocks interaction, 
F2 = the incidence matrix for N x years, and 
Fg = the incidence matrix for N x rotation-position x 
years. 
The vectors (j) . (j=l,2,3) and g are assumed to be distributed 
independently of each other, of the (i=l,...,5) and of e. 
Each d). is assumed to follow a N(0, cf/ .\I„ ) distribution, 
—J — I J/ n^ 
2 
where denotes the variance parameter for , and nj the 
dimension of * ., The random subplot error g is assumed to 
be distributed N(0, where n = 1792, the total num­
ber of plots from which corn yields were obtained. 
The expected value of y in the analysis of variance 
model 4.9 is: 
E(y) = Xa + . (4.12) 
The covariance matrix of y is obtained using the independence 
of the random vectors and the fact that the covariance matrix 
of Az is A V(Z)A* , for A a fixed matrix, z a vector of ran­
dom variables, and V(z) the covariance matrix of z. The 
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covariance matrix of y is: 
5 3 
+ jZ^o2j)FjP\ + o2g,In . (4.13) 
Computation of sums of squares 
Computation of the sums of squares for the analysis of 
variance would have been impractical using a regression proce­
dure involving computation of an inverse matrix. The amount 
of computer time necessary to obtain the solution would have 
been prohibitive. Consequently, a method to obtain the sums 
of squares using formulae appropriate for balanced designs 
was sought. 
Sums of squares were computed by first creating 13 
orthogonal contrasts for the 14 rotation-position and series 
combinations for each year. These contrasts are given in 
Table 7. Six contrasts accounted for the degrees of freedom 
from the seven corn rotation-positions (C, C^, CSb, ÇCOM, 
CÇOM, SgCOM, and ÇOMM). These contrasts, CI to C6, repre­
sented comparisons of interest concerning the rotation treat­
ments and are discussed later in the text. The other con­
trasts were used for purpose of computation of sums of squares 
involving blocks and block x rotation-position interactions. 
There were three series contrasts, SI to S3, For SI, the A 
and B series were compared with the Ç and D series; for S2, 
the A series was compared with the B; and for S3, the C 
series was compared with the D. There were four contrasts, 
A1 to A4, for the rotation-position by series interaction. 
Table 7, Orthogonal contrast coefficients for the 14 corn rotation-position and 
series combinations, rotation-fertility experiment. Northwest Iowa 
(Galva-Primghar) Research Center 
Contrast coefficients^ Ko-ca-cion-
position Series CI C2 C3 C4 C5 C6 SI S2 S3 A1 A2 A3 A4 
C A 1 1 1 1 -1 1 1 
C B 1 1 1 -1 -1 1 -1 
C C 1 1 -1 1 1 -1 1 
C D 1 1 -1 . -1 1 -1 -1 
CSb A or B -1.33 1 1 4 
CSb C or D -1.33 1 -1 -4 
ÇCQM -1.33 -0.5 1 1 
SgCOM -1.33 -0.5 -1 1 
ÇOMM -1.33 -0.5 1 -1 
CÇOM -1.33 -0.5 -1 -1 
Cs A 1 -1 1 1 -1 -1 -1 
Cs B 1 -1 1 -1 -1 -1 1 
Cg C 1 -1 -1 1 1 1 -1 
C D 1 -1 -1 -1 1 1 1 
s 
^Zero coefficients are left blank in this table. 
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Only the C, C^, and CSb rotations contributed information on 
the rotation-position by series interaction. 
The 14 rotation-position and series combinations, 2 
replications, 16 years, and 4 N levels were used as factors 
in the ANOVA procedure of SAS (Barr et al., 1979). The 
factors were coded to be orthogonal to each other. Four N 
levels were used for each rotation position in this analysis. 
Thus, for example, the highest level of N fertilization for 
C, Cg, or CSb, 120 lb N/acre, was coded the same as the 
highest N rate for the other rotation-positions, 80 lb N/ 
acre. Actual rates of N application are used in the later 
analysis of the corn yield response function. 
Using the orthogonal factors, block and block interac­
tion sums of squares could be obtained by pooling those for 
series, replications, and replications x series. Sums of 
squares were also computed for individual corn rotation-
position contrasts and for interactions of these contrasts 
with other factors. Calculations for these were done using 
the GLM procedure of SAS. 
The orthogonality of the contrasts allowed sums of 
squares to be computed for one set of factors independently 
of the other factors. The model with orthogonal sets of 
factors was expressed as: 
11 
y = 2 + 3. » (4.14) 
k=l 
80 
with Zj^ (k=l,,.,,ll) fixed matrices orthogonal to each 
other, vectors of parameters associated with Z^, and 
g distributed (0, The Z^^ corresponded to full 
column rank reparameterizations of Xcc, (i=l,...,5), 
Dge, Wjj), and (i=l,2,3). For a set of factors the 
sum of squares R(^^) could be computed as; 
E(l„) = Kî • (4-15) 
Expected values of mean squares 
Expected values of the sums of squares were necessary to 
obtain the proper divisors for approximate F-tests involving 
the contrasts. The expected values were computed by using a 
method described by Goodnight and Speed (1980), The basis 
for the results on expected values of sums of squares is the 
following: 
E(x'Qj) = M-'Oti + trace (QV) , (4,16) 
where t 
y = a vector of random variables, 
Q = a fixed symmetric matrix, 
jx = the mean of y, and 
V = the covariance matrix of y. 
From equations 4.16 and 4.13, it could be shown that the ex­
pected value of the quadratic form 4.15 is: 
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E(y'Qy) = (x'Q^ + E tr(D:QD^)c;? + tr(D^Dg)ag + 
i=l 
3 
_Z^tr(FjQFj)a(j) + tr(Q)G(g) , (4.17) 
where Q is the symmetric matrix ^ . 
The main interest in computing expected mean squares 
was to obtain divisors for F-tests of the contrasts CI to C6. 
The F-ratio for a contrast effect has the contrast mean 
square as its numerator and a linear combination of other 
mean squares from the analysis of variance table as its 
denominator. Under the null hypothesis that the contrast 
effect is 0, the expected values of the numerator and de­
nominator of the F-test are required to be the same. Hence, 
it was necessary to find expected values of the mean squares 
of independent sets of factors in the analysis of variance 
table. 
Expected values of mean squares for the main-plots por­
tion of the analysis of variance table were found by using 
an equation similar to 4.17, Instead of computing expected 
mean squares with all 1792 observations, only the 448 main 
plot observations were used. Incidence matrices for the 
448 main plots were used in place of the matrices D^j.t./Dg 
in equation 4.17. The components, (j=l,2,3) and 
2 
^(g)* not included in computation of the expected mean 
squares. Instead of using the variance components listed in 
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equation 4,17, expected mean squares were computed in terms 
of the variance components and associated incidence matrices 
for blocks (B), blocks x rotations (BxT), years (Y), years 
X blocks (y X B), years x rotation treatments (Y x T), and 
the Y X B X T interaction for the 448 main-plot totals. The 
2 2 2 2 
variance components were designated cJg, ^yB* 
2 2 
cr^p» and respectively. By using these variance com­
ponents and the incidence matrices associated with them, the 
expected values of the mean squares for the factors in the 
main-plots portion of the analysis of variance table were 
computed. These expected mean squares are given in Table 8, 
The coefficients for cfy were not listed because they were 
zero for all sources except years. 
Estimates of the main-plot variance components 
2 2 2 2 
Estimates of the variance components cfg, cfyg, 
2 
and were obtained by constructing a system of 5 linear 
equations in the 5 unknown variance components. The 5 linear 
equations were obtained from 5 sources of variation in the 
main-plots portion of the analysis of variance table. These 
sources were designated B, BxT, YxB, YxT, and Y x B x T 
in Tables 8 and 9, For each source of variation, the ex­
pected mean square, which had been computed in terms of 
these variance components for Table 8, was set equal to its 
calculated mean square from Table 9 for that source of variar 
tion. The solutions to this system of 5 equations in 5 
Table 8, Coefficients of variance components in expected me^ squares for factors 
in main plots (whole-plot and year combinations) 
Coefficients of variance components in 
expected mean squares 
Source of variation df 4 ^2 ^BT _2 ^YB ^2 YT _2 ^YBT 
Years (Y) 15 
Blocks (B) 7 37.71 14.89 2.43 0 1 
Rotation-positions (T) 6 
C and Cg vs others (Cl) (1) 0 9.91 0.48 4.95 1 
C vs Cg (C2) (1) 0 16 0 8 1 
CSb vs rotations 
with meadow (C3) (1) 0 6.67 0.67 3.33 1 
First year corn after 
(1) meadow vs second (C4) 0 4 2 2 1 
ÇCOM vs ÇOMM (C5) (1) 0 4 Ô 2 1 
CÇOM vs SgCOM (C6) (1) 0 4 0 2 1 
B X T 14 0 11.41 0.28 0 1 
Y X B 105 0.09 0.09 1.94 0 1 
Y X T 90 0.56 0.57 0.52 3.71 1 
Y X Cl (15) 0.51 0.41 0.48 4.95 1 
Y X C2 (15) 0 0 0 8 1 
Y X C3 (15) 0.71 0.62 0.67 3.33 1 
Y X C4 (15) 2.13 0.8 2 2 1 
Y X C5 (15) 0 0.8 0 2 1 
Y X C6 (15) 0 0.8 0 2 1 
Y X B X T 210 0 0 0 0 1 
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Table 9, Analysis of variance of corn grain yields, 1963-
1978, Northwest Iowa (Galva-Primghar) Research 
Center 
Source of variation df MS F 
Years (Y) 15 99,374.96 — 
Blocks 7 892.36 -
Rotation-positions (T) 6 
C and Cc vs others (CI) (1) 138,058.97 75.60** 
C vs C„ (C2) (1) 13,506.51 6.69* 
CSb vs rotations with 
meadow (C3) (1) 1,370.51 1.34 
First year corn after 
meadow vs second (C4) (1) 9,299.92 16.75** 
ÇCOM vs ÇOMM (C5) (1) 2,498.75 12.85** 
CÇOM vs SgÇOM (C6) (1) 3,680.70 9.14** 
B X T 14 355.71 -
Y X B 105 199.34 -
Y X T 90 
Y X Cl (15) 3,178.57 20.62** 
LY X Cl (1) 24,629.19 159.77** 
QY X Cl (1) 3,389.22 21.99** 
Remainder (13) 1,512.32 9.81** 
Y X C2 (15) 2,354.30 19.15** 
LY X C2 (1) 11,395.24 92.70** 
QY X C2 (1) 706.51 5.75* 
Remainder (13) 1,785.60 14.53** 
Y X C3 (15) 909.99 5.44** 
LY X C3 (1) 1,602.67 9.58** 
LQ X C3 (1) 24.04 0.14 
Remainder (13) 924.86 5.53** 
Y X C4 (15) 515.27 2.18* 
LY X C4 (1) 570.18 2.41 
QY X C4 (1) 9.33 0.04 
Remainder (13) 549.97 2.33* 
Y X C5 (15) 132.18 0.95 
LY X C5 (1) 160.43 1.16 
QY X C5 (1) 267.02 1.93 
Remainder (13) 119.63 0.86 
*,**Significant at the .05 and .01 levels, respectively. 
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Table 9. (Continued) 
Source of variation df MS F 
Y X C6 (15) 340.23 2.46** 
LY X C6 (1) 1,207.69 8.72** 
QY X C6 (1) 847.63 6.12* 
Remainder (13) 248.32 1.79* 
Y X B X T 210 122.92 -
Nitrogen levels (N) 3 
L (1) 144,519.06 173.82** 
Q (1) 52,627.61 63.30** 
C (1) 3,494.38 4.20* 
N X T 18 
N X Cl (3) 
LN X Cl (1) .25,312.70 166.01** 
QN X Cl (1) 10,576.59 69.30** 
CN X Cl (1) 237.39 1.55 
N X C2 (3) 
LN X C2 (1) 798.36 9.10** 
QN X C2 (1) 49.05 0.56 
CN X C2 (1) 2.65 0.03 
N X C3 (3) 
LN X C3 (1) 4.837.14 43.53** 
QN X C3 (1) 1,804.92 16.24** 
CN X C3 (1) 21.15 0.19 
N X C4 (3) 
LN X C4 (1) 3,335.72 38.80** 
QN X C4 (1) 831.33 9.67** 
CN X C4 (1) 51.85 0.60 
N X C5 (3) 
LN X C5 (1) 532.84 10.11** 
QN X C5 (1) 5.66 0.11 
CN X C5 (1) 13.91 0.26 
N X C6 (3) 
LN X C6 (1) 173.52 3.30 
QN X C6 (1) 97.34 1.85 
CN X C6 (1) 13.67 0.26 
N X B & N f X B X T 63 172.14 — 
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Table 9, (Continued) 
Source of variation df MS F 
N X Y 45 1 ,631.55 37.51** 
LN X LY (1) 15 ,746.17 361.98** 
QN X LY (1) 1 ,498.99 34.46** 
LN X D (1) 14 ,524,43 333.89** 
QN X D (1) 7 ,560.81 173.81** 
Remainder (41) 831.44 19.11** 
N X Y X T 270 
N X Y X Cl (45) 227.97 5.24** 
LN X LY X Cl (1) 3 ,549.68 81.60** 
QN X LY X Cl (1) 212.51 4.89* 
Remainder (43) 151.09 3.47** 
N X Y X C2 (45) 87.73 2.02** 
LN x.LY X C2 (1) 0.53 0.01 
QN X LY X C2 (1) 765.82 17.61** 
Remainder (43) 73.99 1.70** 
N X Y X C3 (45) 111.13 2.55** 
LN X LY X C3 (1) 353.12 8.12** 
QN X LY X C3 (1) 138.07 3.17 
Remainder (43) 104 0 87 2.41** 
N X Y X C4 (45) 85.97 1.98** 
LN X LY X C4 (1) 194.07 4.46** 
QN X LY X C4 (1) 39.51 0.91 
Remainder (43) 84.54 1.94** 
N X Y X C5 (45) 52.68 1.21 
LN X LY X C5 (1) 31.95 0.73 
QN X LY X C5 (1) 8.94 0.21 
Remainder (43) 54.18 1.25 
N X Y X C6 (45) 52.58 1.21 
LN X LY X ce (1) 129.58 2.98 
QN X LY X ce (1) 2.71 0.09 
Remainder (43) 51.92 1.19 
Subplot error 945 43.50 
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unknown variance components were Og = 10.27, ag,p = 19.46, 
ayg = 37.94, = 187.80, and a^BT = 122.92. 
In the computation of estimates of the variance compo­
nents, the calculated Y x T mean square was based on 88 in­
stead of 90 degrees of freedom. The linear year x CI and 
linear year x C2 sums of squares were removed from the Y x T 
sum of squares before computing the mean square for Y x T. 
Each of these linear year x contrast effects differed sig­
nificantly from the remaining year x contrast effects. Be­
cause the Y X T mean square used for computing estimates of 
the variance components was assumed to be a random component 
with mean zero, the two contrast time trends were eliminated 
from the Y x T mean square. 
Construction of tests for contrast effects 
The construction of F-ratios for testing contrast effects 
required finding linear combinations of expected mean squares 
which, except for the term for the fixed effect of the con­
trast, equalled the expected mean square of the contrast. 
The denominator of the approximate F-test would then have the 
same expected value as the numerator, except for the treatment 
(contrast) effect in the numerator. Therefore, the F-ratio 
was a linear combination of the mean squares for blocks (B), 
BxT, YxB, YxBxT, and the year interaction with that 
contrast (Y x contrast). The denominator was chosen so 
that its expected value is: 
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5 
Y J = 2 \. TJ (4,18) 
J i=l 1 
where t 
Yj = the expected value of the denominator for testing 
the contrast effect (j=l,...,6), 
T= the expected values of the mean squares for B, 
B X T, Y X B, Y X B X T, and Y x contrast for 
i=1,...,5, respectively, and 
^ij ~ coefficients computed so that the expected value 
of the contrast minus its fixed effect was Yj • 
The denominator for the approximate F-test of the 
contrast is: 
Y i ~ 2 » (4.19) J iJ 1 
where (i=l,...,5) are the mean squares of the factors 
from Table 9 whose expected values were x.. Thus, the X• . 
X XJ 
were chosen so that the expected value of the denominator 
mean square for the test of the contrast would be 
5 A 
S YijEfx'), and the expected value of the numerator would 
i=l ^ 
be this quantity plus the contrast effect. 
The degrees of freedom for the denominators were com­
puted using the extension of Satterthwaite's rule (Snedecor 
and Cochran, 1980, page 228; Scheffe, 1959, page 247). The 
approximate degrees of freedom for testing contrast j were 
calculated as: 
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df = ( E \..Î.)2[2 (\2 )]-! ^ (4.20) 
i=l ^ i=l iJ 1 1 
where is the nimber of degrees of freedom used for com­
puting Tj^, The values for df were rounded down to the near­
est integer. 
Upon examining Table 8, it was noted that the expected 
mean square for a contrast differed from that of the inter­
action of years with the same contrast only by the fixed 
2 2 
effect term and the coefficients of jg and There was 
evidence in Table 8 that the Y x contrast mean squares dif­
fered for the contrasts. Thus, it was decided to use the 
mean square for each separate Y x contrast interaction in 
the denominator for testing that contrast effect. In equa­
tions 4.19 and 4.20, individual Y x contrast mean squares, 
Tg, were used in computing approximate F-tests for each con­
trast. Each of the Y x contrast mean squares from Table 9 
used for the calculations was based on 15 degrees of freedom, 
except Y X CI and Y x C2. These Y x contrast interactions 
had linear Y x CI and linear Y x C2 effects removed, as was 
done for the estimation of variance components, and were each 
based on 14 degrees of freedom. 
Analysis of variance 
The analysis of variance of yields for the entire 
rotation-fertility experiment is given in Table 9. The 
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rotation-position treatments (T), and year x rotation-
position interaction (Y x T) accounted for large portions of 
the variability in the yields of the main plots. Nitrogen 
levels (N), rotation-position x nitrogen (T x N), and year x 
nitrogen (Y x N) accounted for much of the variability in 
yields of the subplots. 
Tests of contrasts among rotation-position means will be 
presented in the following text. These contrasts will be 
discussed individually. Contrast x year interactions will 
then be discussed. Finally, the N effects and interactions 
of N with years, rotation-positions and years x rotation-
positions will be discussed. 
Tests of yield contrasts among corn rotation-positions 
Contrast CI was a contrast of the yields of continuous corn 
rotation-positions, C and C^, to those of corn in rotation 
with other crops. The approximate F-test for this contrast 
was calculated from equation 4.19 and resulted in values for 
\j^^(i=l,... ,5) of -0.013, 0.850, -0.107, -0.730, and 1, re­
spectively. The Y X Cl mean square used for the calculation 
was 1646.38, based on 14 degrees of freedom. The linear Y x 
CI sum of squares, which was significantly different from 
the mean square for the remaining Y x CI interaction, was 
subtracted from the total Y x CI sum of squares before com­
puting the Y X Cl mean square. This was done to prevent the 
linear time trend in CI from being present in the expected 
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value of Y X Cl. 
The computed F-value was 75.6 with degrees of freedom 
of 1 in the numerator and approximately 16 in the denominator 
(equation 4.20). This F-value was significant at the 0.01 
probability level. 
Corn in rotation with alfalfa or soybeans yielded an 
average of 17.8 bu/acre more than the two continuous corn 
rotations (Table 1). The large yield difference was not 
surprising because the yields compared were average yields 
over all N rates. As can be seen in Table 1, average yields 
of continuous corn and rotation corn differed more at the 
lowest rate than at the highest rate of applied N. Conse­
quently, yield differences among rotation of average yields 
over all N levels were greater than those at the highest N 
rate. 
Yield differences between continuous corn and corn in 
rotation with legumes need to be examined at the various N 
rates. This will be done when the corn yield response 
functions of N rates are discussed. 
Contrast C2 was a contrast of grain yields of continu­
ous corn without the stover removed to those of continuous 
corn with the stover removed. This contrast was of interest 
because it was desired to determine the yield decrease caused 
by removal of the stover. The stover, which could be used 
for cattle feed or for biomass fuel production, would in­
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crease depletion of nutrients and soil organic matter. 
The approximate F-test for contrast C2 was constructed 
by using the values 0, 1.403, -0.204, -1.199, and 1 for the 
values of ^^2* Ths mean square used for the Y x C2 inter­
action, Tg, was 1708.52, based on 14 degrees of freedom. As 
was done for the CI contrast, the linear Y x C2 sum of 
squares was removed before computing the mean square for Y 
X C2 so that the time trend would not be present in the ex­
pected value of Y X C2. 
The computed F-value was 6.69 with 1 numerator and 
approximately 18 denominator degrees of freedom (Table 9). 
This value was significant at the 0.05 probability level. 
Adjusted corn grain yields from continuous corn with 
stover removed were lower than grain yields from the continu­
ous corn harvested for grain only. The difference was esti­
mated to be 7.3 bu/acre when adjusted yields were used, 
and 6.1 bu/acre when unadjusted yields were used (Table 1). 
Part of the difference could be attributed to loss of K from 
the soil when the stover was removed, as has been discussed 
by Barnhart et al. (1978). Practically, the yearly loss of 
5 or 7 bu/acre would need to be weighed against the yearly 
economic gain from removing the stover. Part of this yield 
loss, however, can be eliminated by the use of K fertilizer. 
Contrast C3 was created to test for differences in yields 
of corn in rotation with soybeans and corn in rotations con­
taining a meadow crop. This contrast should provide informa-
93 
tion to determine if alfalfa, a meadow crop, would be 
preferable to a row crop, soybeans, as the legume crop in a 
rotation. 
The approximate F-test for C3 was computed using the 
mean square for Y x C3 with 15 degrees of freedom. The co­
efficients (i=l»»»-»5) computed from equation 4,19 were 
-0.019, 0.555, -0.057, -0.479, and 1, respectively. The 
computed F-value was 1.34 (Table 9) with 1 numerator and 
approximately 17 denominator degrees of freedom, which is 
not significant at the 0.05 probability level. Thus, there 
seems to be no advantage to the corn crop from including 
alfalfa rather than soybeans in a crop rotation. 
Contrast C4 compared yields of first-year corn after 
meadow with those of second-year corn after meadow. The 
approximate F-test had as its denominator that computed from 
equation 4.19 with (i=l,...,5) being -0.057, 0.354, 
0.020, -0.317, and 1, respectively. The Y x C4 mean square 
with 15 degrees of freedom was used as t^. 
The computed F-value was 16.75 (Table 9), based on 1 
numerator and approximately 16 denominator degrees of freedom. 
This value was significant at the 0.01 probability level. 
First-year corn after meadow yielded an estimated 8.5 
bu/acre more than second year corn (Table 1). First-year 
corn yields were from the ÇOMM and ÇCOM rotation-positions 
and second-year yields were from CÇOM and SgCOM. Part of 
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the difference in yields was due to including the yields 
from low rates of N in the averages. The corn yield response 
functions presented later in the text contain more informa­
tion on yields of these rotation-positions at different N 
levels. 
Contrasts C5 and C6 had the same coefficients of mean 
squares for the denominators of the approximate F-tests. 
These coefficients for and were computed from equa­
tion 4.19 to be 0, 0.281, -0.041, -0.240, and 1 for i=l,...,5, 
respectively. For each contrast, the estimate of was the 
Y x contrast mean square, based on 15 degrees of freedom. 
Contrast C5 was a comparison of the yield of corn follow­
ing one year of alfalfa meadow with the yield following two 
years of meadow. The computed F-value was 12.85, with 1 
numerator and approximately 20 denominator degrees of freedom 
and was significant at the 0.01 probability level. Average 
yield of corn following two years of meadow was an estimated 
6.3 bu/acre more than the yield following one year of meadow 
at the Galva-Primghar experimental site (Table 1). It was 
likely that more N was symbiotically fixed during the two 
years of meadow growth and that this resulted in greater 
corn production. 
Contrast C6 compared corn following corn in the CCOM ro­
tation to corn following sorghum in the SgCOM rotation. The 
computed F-value of 9.14, based on 1 numerator and approxi­
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mately 19 denominator degrees of freedom, was significant 
at the O.Ol probability level. Corn following sorghum 
yielded an average of 7.5 bu/acre more than corn following 
corn. 
The test of contrast C6 indicated that corn following 
sorghum, a crop similar to corn in N requirements, had more 
yield than corn following corn. This phenomenon may have 
resulted from several factors. One hypothesis is that the 
corn residues or its roots produce a chemical which is toxic 
to itself in successive years of corn production, as was 
alluded to by Cooke (1976). In the author's opinion, how­
ever, a more plausible explanation is that a pest specific 
to corn, such as corn rootworms, could be the agent causing 
yield decreases of corn following corn. Although recommended 
insecticides were applied in a 7-inch band over the corn rows, 
they only give partial control of the rootworms. Also, grain 
sorghum may have allowed more conservation of soil moisture 
the year before corn growth. The factors affecting yield 
differences of corn following corn and corn following other 
crops should be examined further in future research efforts. 
Tests of year x contrast interactions The year x 
contrast (Y x C) interactions were tested for significance 
using a method similar to that used for testing contrasts of 
corn yields for the rotation-positions. For Y x C interac­
tions, the numerator of the approximate F-test was the Y x C 
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mean square. The denominator was computed using equation 
4.18, except that only the first 4 terms in the summation 
were used. The were chosen to make the expected value 
of the denominator, equation 4.18, have the same coefficients 
2 2 2 2 for cTg, c?g,p, (jyg, and as were listed in Table 8 for that 
Y X C interaction. Likewise, the approximate degrees of 
freedom were computed using equation 4.2 with i = 1,...,4. 
The Y X CI interaction was tested with the coefficients 
(i=l,...,4) being 0.013, 0.016, 0.226, and 0.744, respec­
tively. The approximate F-test for Y x 01 was computed as F = 
(3178.57)(154.15) ^  = 20.62 (Table 9). This would be approxi­
mately distributed as Snedecor's F with 15 and 293 degrees 
of freedom under the null hypothesis. The computed F was 
highly significant. 
A point of further interest concerning the YxCl inter­
action is if most of this interaction is accounted for by the 
linear Y x CI and quadratic Y x CI terms. The linear Y x CI 
term would indicate if the difference between yields of con­
tinuous and rotation corn was increasing (or decreasing) 
linearly with time. The quadratic Y x 01 term would indicate 
if this trend was displaying some curvature. Such curvature 
would be expected if the yield differences were approaching 
a limiting value. Both the linear and quadratic terms were 
highly significant when tested using the same denominator as 
in the Y x 01 test. The linear term accounted for much more 
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variability than did the quadratic. The remaining Y x CI 
effects after removing the linear and quadratic Y x CI trend 
were also statistically significant. Thus, much year-to-
year variability was present in addition to the trend. 
The Y X C2 interaction was highly significant, implying 
that differences between grain yields of C and C_ varied with 
years. The linear trend of this difference was a major com­
ponent of the Y X C2 interaction. The Y x C2 interaction 
2 
could be tested by the Y x B x T mean square because 
2 
was the only term other than entering its expected mean 
square (Table 8). 
An approximate F-test for the Y x C3 interaction was 
made by using 0.018, 0.028, 0.316, and 0.637 for X. . (i= 
1 J 
1,...,4) in the denominator. The Y x C3 interaction was 
found to be significant at the 0,01 probability level. Thus, 
the differences between yields of corn following soybeans 
and corn in rotations containing meadow varied with years. 
The linear Y x C3 trend did not account for a large portion 
of the Y X C3 variability. 
The Y X C4 interaction was significant at the 0.05 level 
when tested with an approximate F-test. This implied that 
differences between first- and second-year corn after meadow 
varied with years. The X.. . (i«=l,,,.4) for the denominator Xj 
were 0.054, -0.008, 0.963, and -0.008, respectively. The 
degrees of freedom for this F-ratio were 15 for the numerator 
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and approximately 81 for the denominator. 
Both the Y X C5 and Y x C6 interactions were tested with 
the same linear combination ofB, BxT, YxB, and Y x B x T 
mean squares in the denominator. For the denominators, 
(i=l,...,4) were 0, 0.07, -0.01, and 0.94, respectively. 
The denominator used for the approximate F-tests was 138.45, 
based on approximately 177 degrees of freedom. 
The Y x C5 interaction was not statistically significant 
(Table 9), This was expected because year-to-year varia­
bility in growing conditions should have little effect on 
the difference in yields of corn following one year of meadow 
and of corn following two years of meadow. Plant-available 
moisture in the spring should be similar for these two corn 
rotation-positions. 
The Y x C6 interaction was significant at the 0.01 
probability level. Thus, the difference between yields of 
corn following sorghum and of corn following corn in rota­
tions which also contained oats and meadow varied with years 
Large portions of this variability were attributed to sig­
nificant linear and quadratic trends (Table 9). The re­
mainder of the Y X C6 interaction, after removing linear 
and quadratic terms, was significant at the 0.05 probability 
level. Changes in values of the C6 contrast with years may 
have been associated with factors mentioned previously, such 
as corn rootworms, with infestations varying from year to 
year. 
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Tests of nitrogen and nitrogen interactions The 
principal purpose of testing the effects of N and its inter­
actions in the subplot portion of Table 9 was to indicate the 
factors to be included in the corn yield response model to be 
discussed later. The amounts of applied N were coded 0, 1, 
2, or 4 for the 4 N levels. These were the actual amounts» 
in 20 lb/acre units, of N applied to corn in rotations con­
taining meadow. However, the actual amounts applied to corn 
in the C, C^, and CSb rotations were not proportionate to 
these numbers. Consequently, the tests in the subplot por­
tion of the analysis of variance were only used as preliminary 
indicators of actual effects to be estimated with the yield 
response function. 
The sources of variation in the subplot portion of Table 
9 were N and N interactions with other factors. The rotation-
fertility experiment was a split-plot experiment with N rates 
applied to the 4 subplots within each whole plot. Thus, the 
proposed analysis of variance model, equation 4.9, was used 
to identify sources of yield variation in the subplot por­
tion of the experiment (Table 9). 
Tests of N, N X contrasts, N x Y, and N x Y x contrasts 
could have been constructed in the same manner as in the main 
plots portion of the analysis of variance by using equation 
4.17 to get expected values of mean squares. The sizes of 
the matrices needed for the calculations of expected mean 
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squares* however, made this approach too burdensome and 
costly. 
The N and N x contrast effects, therefore, were tested 
by comparing the mean square of an effect with the mean 
square of the year interaction with that same effect. An F-
ratio computed in this way would test the constancy of the 
effect over years. The N x Y and N x Y x contrast effects 
were tested for significance by using the subplot error term 
in Table 9. 
The N effects were compared with an N x Y mean square 
with 41 degrees of freedom. Sums of squares of 4 single-
degree- of -freedom N X Y contrasts were removed before calcu­
lating this mean square so that the drought year, 1968, and 
the linear and quadratic time trends of N effects would not 
inflate the mean square. 
The N effects accounted for much of the variability in 
the subplot yields (Table 9). Most prominent were the linear 
and quadratic yield responses to N, as expected. The cubic 
term, although significant at the 0.05 probability level, was 
of lesser importance. Results of the significance tests and 
the average corn yields in Table 1 showed that corn yields 
were increasing with higher rates of N, but at a decreasing 
rate. 
The N X contrast interactions were separated into the 
linear N, quadratic N, and cubic N sources of variation. 
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The N X Cl effects were tested for statistical significance 
by using the N x Y x CI mean square based on 44 degrees of 
freedom» with the linear N x linear Y x CI effect removed. 
Other N x contrast effects were tested by using the N x Y x 
contrast mean square based on all 45 degrees of freedom. 
Linear and quadratic N x CI effects were significant 
at the 0,01 probability level. As can be seen in Table 1, 
the difference between continuous corn and rotation corn 
yields at the Nq level was much larger than at the higher 
N levels. 
The linear N x C2 effect was significant at the 0.01 
probability level. The difference between adjusted grain 
yields of C^ and yields of C became slightly greater with 
increasing N (Table 1). 
Linear and quadratic N x C3 terms were highly signifi­
cant. Corn rotation-positions in rotations with meadow 
outyielded corn following soybeans at the Nq level by 13 bu/ 
acre (Table 1). At the other N levels, however, differences 
in yield were not large. 
Most of the N X C4 effect was a linear N effect, al­
though the quadratic N x C4 term was also significant at the 
0.01 probability level. The average yield of first-year 
corn following meadow was 17 bu/acre greater than that of 
second-year corn at the NQ level and 3 bu/acre greater at the 
high N level (Table 1), indicating that second-year corn had 
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a greater response to N. Enough N for high corn yields 
vas present at the Nq level for first-year corn because of 
the symbiotic N-fixation in alfalfa the year before. Some 
of this N was used by the first-year corn crop or was lost 
from the soil before the second-year corn crop was grown. 
Therefore, second-year corn responded more to applied N 
than did first-year corn. 
For the N X C5 interaction, the linear N x C5 term 
accounted for the bulk of the variation and was significant 
at the 0.01 probability level. The average yield of corn 
following 2 years of meadow was greater than the yield of 
corn following 1 year of meadow by approximately 10, 8, 5, 
and 2 bu/acre for the 4 N levels, respectively (Table 1). 
This implied that corn following one year of meadow responded 
more to applied N. The single year of meadow did not seem 
to supply as much N to the following corn crop as 2 years of 
meadow did. 
Differences between yields of CÇOM and SgCOM did not vary 
significantly with applied N. Although the linear N x C6 
mean square was greater in magnitude than the quadratic or 
cubic, it was not significant at the 0.05 probability level. 
The large N x years interaction was due, in part, to dif­
ferential corn yield response to N in years with different 
amounts of moisture available for corn growth. Also, the 
yield response to N increased with increasing time for some 
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rotations. 
Linear N x linear Y and quadratic N x linear Y trends 
were separated from the N x Y interaction to examine the corn 
yield response to N with increasing time. Although the 
linear N x linear Y trend was dominant, the quadratic N 
X linear Y was also statistically significant at the 0.01 
level. The numerical signs of the coefficients for the 
terms indicated that corn yield response to applied N was 
increasing with time, but that the rate of increase was 
decreasing. 
Two additional single-degree-of-freedom contrasts were 
removed from the N x Y interaction. These were for the dif­
ferent linear and quadratic yield response to N in 1968, 
which was a severe drought year. For most of the corn 
rotation-positions, corn yields for 1968 were decreased if 
40 or more lb N/acre were applied, a response opposite to 
that in other years. Consequently, a dummy variable, D, 
representing the contrast of 1968 to the other years was 
used. This allowed separation of linear N x D and quadratic 
N X D effects. As can be seen from Table 9, both these ef­
fects were highly significant. Thus, the linear and curvi­
linear yield responses to N were altered in 1968. 
The N X Y X contrast interaction effects were tested by 
using the subplot error mean square, 43.50, as the denomina­
tor for F-tests. The interpretation of a N x Y x contrast 
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interaction is as follows. The contrast represents a dif­
ference between yields of two groups of corn rotation-
positions. These differences could change with different 
N levels. An N X Y X contrast interaction would occur if 
the pattern of change of the yield differences with N levels 
also changed from year to year. 
The N X Y X CI interaction was highly significant. 
Much of that effect was due to the linear N x linear Y x CI 
effect. The yield differences between continuous and rota­
tion corn were larger at the Nq level than at the high N 
level and this pattern became increasingly pronounced in the 
later years of the experiment. 
The N X Y X C2, NxYxC3, and N x Y x C4 interactions 
were also highly significant. However, the N x Y x C5 and 
N X Y X C6 interactions were not statistically significant. 
Estimation of Plot Variance Components and 
the Associated Transformation 
Plot variance components were estimated so that the 
corn yield data could be transformed. The transformation 
was done to create nearly uncorrelated errors for the ob­
servations in the corn yield model presented in the next 
section. Uncorrelated observations are required for effi­
cient estimation of the regression coefficients and their 
standard errors. 
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The plot variance components were estimated by using the 
analysis of variance method discussed by Battese and Fuller 
(1972). The method proposed by these authors was for a 
rotation-fertility experiment in which each block contained 
every rotation-position every year. The Northwest Iowa 
(Galva-Primghar) Research Center rotation-fertility experi­
ment did not have this experimental design. However, because 
every crop rotation-position was grown on replicate whole 
plots each year, the method could be used. The blocks 
labeled AI, BI, CI, and DI in Figure 1 served the same 
function for estimation of plot variance components as did a 
single block in the method of Battese and Fuller (1972). 
Thus, the Northwest Iowa (Galva-Primghar) Research Center 
experiment was, for the purposes of estimation of plot vari­
ance components, considered to have two replicates, labeled 
by I and II, in Figure 1. 
The error model proposed for the corn yield function 
was that in equations 2.17 and 2.18. The subscript p was 
used in these equations to index the whole-plot from which a 
corn yield was measured. To conform to the indexing used by 
Battese and Fuller (1972), p was changed to a double index, 
rq, denoting whole-plot q in replicate r. A replicate pair 
of whole-plots, for example the CSb whole-plots in BI and 
BII, would then be indexed by the same value of q, but dif­
ferent values for r. From Figure 1 it can be seen that 
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there are 24 whole plots for each of the replicates; there­
fore, q could take the values 1,...,24, and r the values 
1 or 2. 
The coefficients for the transformation in equation 2.22 
of this dissertation needed to be estimated before the trans­
formation could be made. The coefficients c^, Cg, and Cg 
2 2 2 
are functions of the variance components cr^, and 
2 
cfg, and the number of years, n^, that corn was grown on a 
plot. For the Northwest Iowa (Galva-Primghar) Research 
Center experiment, the number of years that corn was grown 
on a plot was not a constant value for all plots. Corn was 
grown on the C and C^ plots in all 16 years, on CSb and CCOM 
plots in 8 years, and on the SgCOM and COMM plots in 4 years. 
Thus, it was necessary to compute sets of coefficients for 
each replicate pair of whole-plots. 
The actual transformation used is that presented by 
Battese and Fuller (1972): 
"îqkt = "rqkt - Glqûrq.t " "2q"rqk. " ^ rq- ' 
where: 
^rqkt ~ ^he transformed errors for corn yields from 
subplot k of whole-plot q in replicate r in 
year t, 
Urqkt - the original errors from subplot k of whole-plot 
q in replicate r in year t. 
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^rq«t ~ the average of the errors associated with the 
4 subplot yields of whole-plot q in replicate 
r in year t, 
^rqk. ~ the average of the errors associated with the 
Tg yields from subplot k of whole-plot q in 
replicate r, 
u _ = the average of the errors associated with the 
rq • • 
4Tq yields from whole-plot q in replicate r, 
«iq = 1 - + 4<,2)]l/2 
«29 = 1 -
*39 " 1 - [Os/(Os + 4. TqoJ + 4Tg4)]l/2, and 
Tq = the number of years corn was grown on whole-
plot q (16 for C or Cg plots, 8 for CSb and 
CCOM plots, and 4 for SgCOM and COMM plots). 
For the purpose of making the transformation, the coefficients 
ttiq, <^2q'^^^^3q ^^re estimated by using the estimates 
A2 A? A? A? 2 2 2 2 
a^» Jg, and m place of cr^, cr^, cf^, and a^, respec­
tively. 
2 2 2 2 The method of estimating cr^, a^, and cfg was outlined 
by Battese and Fuller (1972). These authors suggested that 
an analysis of variance table, as depicted in Table 10, be 
used for each replicate pair of plots. The sums of squares 
labeled in Table 10 and their associated degrees of 
Table 10. Analysis of variance for corn yields on whole-plots 
Source of variation df SS MS E(MS) 
Years T -1 q 
Replications (R) B ql ql "s + ^4 * Ve ^ 
R X Y Tq-1 B 
'q2 'q2 
N levels 
N X Y 
R X N 
3(Tg-l) 
B 
'q3 'q3 4 * Ve 
H O 
Ul 
tr 
R X N X Y 3(Tq-l) B 
•q4 q4 
^his table is similar to Table 1, page 788, of Battese and Fuller (1972). 
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freedom were pooled for the 24 pairs of plots, and the mean 
square S^, obtained by dividing pooled sums of squares by 
pooled degrees of freedom was computed. The mean squares 
^2' ^4 were computed in the same manner. As can be 
seen from the expected values of mean squares in Table 10, 
2 2 2 2 the pooled unbiased estimators of cr^, and cr^ were: 
h 
% = <^2 - S4)/4 , 
= (S3 - S^)/T , and (4.22) 
°v = - S2 - S3 + S4)/4T , 
where: 
1 24 
T = (24) •^( E T_) and 
q=l ^ 
Sj^, Sg, S3, and S^ are the pooled mean squares de-
cribed above. 
2 2 2 2 The estimates of a^, cr^, and cr^ calculated from 
the data of this experiment were 35.07, 20.50, 9.37, and 
4.37, respectively. These estimates were used to obtain 
the following estimates of coefficients for transformation 
4.21» 
= 0.447 for q from any rotation; 
(4.23) 
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agg = 0.560 for q from C or C^, 
= 0.430 for q from CSb or CCOM, or 
= 0.300 for q from SgCOM or COMM; and 
a_ = -0.263 for q from C or C , 
o<5 s 
= -0.206 for q from CSb or CCOM» or 
= -0.147 for q from SgCOM or COMM. 
The equation for the transformation of plot errors 
was equation 4.21 with the estimated coefficients substituted 
for agq, and The transformed yields ^^re 
calculated by substituting a yield equation 4.21 
in place of and yield averages in place of error aver­
ages. Likewise, independent variables of the corn yield 
response function were substituted into equation 4,21 to 
get transformed variables. 
Corn Yield Response to Nitrogen 
In this section of the Results and Discussion chapter, 
corn yield response to N will be examined. First, a 
Mitscherlich equation is fitted to the average corn yields 
over years. The constancy of the efficiency factor of this 
equation for all corn rotation-positions is tested. A model 
including year parameters is then proposed and estimated with 
the transformed data, as was explained in the previous sec­
tion. Finally, results of the fitted corn yield response 
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function are discussed. 
A Mitscherlich function for corn yields averaged over years 
A Mitscherlich, or exponential, corn yield response 
function was proposed. The Mitscherlich function was dis­
cussed in the literature review, and examples of its use in 
describing corn yield response to N were cited. The pro­
posed response model for corn yields averaged over years is: 
RIJK = FLJK + «IJK ' (4.24) 
where: 
y. .. = the average of 16 observed corn yields from sub-
X JK 
plot k of rotation-position i of block j, as 
described below, 
l^ijk = ^i + Pi(exp(-cNj^j^)), 
= the asymptotic maximum yield for rotation-
position i, 
3^ = the difference between corn yield for the Nq 
rate and 
c = the efficiency factor for N, 
Nik = the amount of fertilizer N (in lb/acre) applied 
to subplot k of rotation-position i, and 
^ijk ~ error associated with 
For C and C^, j indexes blocks. For CSb, j indexes blocks 
from pairs of series, and for each of the other rotation-
positions, j indexes replications. Thus, there are 28 ij-
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combinations, 8 each for C and C^, 4 for CSb, and 2 for each 
of the other corn rotation-positions. The y. .. were formed 1 JK 
in this way so that each was an average of 16 yearly 
observations. 
In equation 4.24, the efficiency factor for yield re­
sponse to N, c, is assumed constant for all rotation-
positions. The asymptotic maximum yields, a^, and the 
total effects of applied N, are assumed to differ by 
corn rotation-position. 
The errors, €. .., are assumed to consist of a whole-
1 JK 
component, q.., and a subplot component, normally and 
X J 1 jK 
2 independently distributed with means 0 and variances and 
2 
respectively. The assumed error structure is: 
^ijk = ^ij + Gijk (4.25) 
with 
cov(Sij^, =0^ + 0 2  
if i = i', j = j', k = k', 
= "n 
if i = i', j = j', k / k', and 
= 0 otherwise. 
The errors €. .. are averages of equal numbers of observations, 
X jK 
16, one from each year. Because of the split-plot error 
structure, a transformation of the data was used before 
fitting the nonlinear regression equation (4.24). 
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Because of the error structure in equation (4.25), the 
variance-covariance matrix for £ is block diagonal, with 
each block matrix corresponding to the 4 subplots of a 
single whole-plot. To obtain the desired error structure, 
it was necessary to transform the data so that this block 
2 
matrix of the variance-covariance matrix would become cr I» 
with dimension 4x4. One way to accomplish this is to 
transform each set of 4 errors from a whole plot by multi­
plying by: 
/a a a a \ 
1  1 - 1 - 1  
1 - 1  1 - 1  
1 - 1 - 1  1  
T = (4.26) 
/ 
where a = (1 + 16cr^/4cr|) 
In this way. 
var(Te. .) = cr I 
—1J 
where 
€^j2' ^ ij3' ^ij4^' 
<3^ = 4a| 
(4.27) 
A 
An estimated transformation, T, was obtained by computing a 
i • 2 2 
with estimates of and substituted for these parameters. 
The dependent and independent variables in equation 4.24 
needed to be transformed before computing the nonlinear re­
gression. Thus, the 4 average yields from each whole-plot 
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were transformed to where y^j = ^ij2' ^ ij3' 
Y-î -î/i)'* Similarly, the transformed expected yields (Tp.. .) 
in equation 4.24 corresponding to the 4 observed yield 
averages were; 
A A / \ 
= T(l, e) I j , (4.28 ) 
where ; ^ 
e = [exp(-cN^^), exp(-cN^2)» exp(-cN^g), exp(-cNj^^)] ' , 
Eij = (^iji' ^ ij2' ^ ij3' ^ ij4)'' 
1 = a 4 x 1 vector of ones. 
The nonlinear regression equation 4.24 was fitted by using 
transformed average yields and the transformed independent 
2 2 
variables. Estimates of and were obtained from Table 
11, an analysis of variance table for average corn yields, 
— . A? A? 
y^j^. The estimates were a^ = 2.93 and = 8.61. With 
these estimates, a was computed to be 0.651. 
The transformed corn yield averages were fitted by using 
the NLIN procedure of SAS (Barr et al., 1979), and estimates 
of the parameters of the equation were obtained. The esti­
mates of and are given in Table 12. The estimate of 
c is c = 0.027. The fitted corn yield response function was 
tested for goodness of fit, and the calculated F-value was 
not significant at the 0.05 probability level. Therefore, 
the model was assumed adequate. 
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Table 11. Analysis of variance of corn yields averaged over 
16 years. Northwest Iowa (Galva-Primghar) Re­
search Center 
Source of variation df SS MS E(MS) 
Replications (R) 1 8.50 
Rotation-position and 
block combinations (T) 13 10,954.83 
R X T 13 264.30 20.33 < -
N 3 12,540.07 
N * T 39 3,359.65 
Subplot error 42 361.64 8.61 
The results presented in Table 12 were used to estimate 
maximum yields for each of the corn rotation-positions. The 
estimated maximum corn yields were the asymptotic yields, 
A 
for all rotation-positions except COMM. For example, 
the asymptotic maximum yields for the 16-year average yields 
from CSb and C were 113.8 and 107.0, respectively. Because 
some years with poor corn growing conditions were included 
in the averages, these maximum yields do not represent 
the highest yields attainable, but do represent long-term 
average results. Results from Table 12 may be compared 
Ill 
Table 12, Estimated parameters for the Mitscherlich re­
sponse function for corn yields averaged over 
years, 1963-1978, Northwest Iowa (Galva-
Primghar) Research Center 
Estimated Estimated 
Rotation- standard^ ^ ^  standard^ 
position error of error of 
ÇOMM 113.1 2.5 3.0 3.5 
ÇCOM 111.2 2.5 -5.6 • 3.5 
CÇOM 110.0 2.6 -21.4 3.6 
SgÇOM 114.6 2.6 -15.4 3.6 
ÇSb 113.8 1.6 -25.3 2.2 
C 107.0 1.4 -39.9 1.7 
Cs 98.5 1.4 -36.6 1.7 
g A 
a^, estimated asymptotic yield (bxi/acre). 
estimated yield difference between yield at Nq 
and asymptotic yield (bu/acre). 
with those from Table 1, in which the observed average corn 
yields are given. Observed yields at the high N rate and the 
estimated maximum yields are in close agreement. 
The ÇOMM rotation-position had an estimated maximum 
yield of 116 bu/acre at the Nq rate of fertilization. This 
A A 
can be seen by adding and 3^ from Table 12 for this ro­
tation. The estimated corn yield response curve for ÇOMM 
decreased with N fertilization from 116 bu/acre at Nq toward 
an asymptotic yield of 113 bu/acre. For this rotation. 
112 
sufficient N was available from the soil and legume resi­
dues to produce good yields without additional fertilizer N. 
Corn in the other crop rotations responded to applied 
N. The estimated difference between the asymptotic maximum 
corn yields for these rotation-positions and yields at zero 
applied N ranged from 5,6 bu/acre for ÇCOM to 39.9 bu/acre 
for C. These differences, are the total responses to 
applied N for the corn rotation-positions. The greatest total 
responses to applied N occurred for C and C^; the smallest 
occurred for corn following meadow, and the total responses 
to. applied N for CSb, CÇOM, and SgCOM were intermediate. 
The estimate of the efficiency factor was c = 0.027, 
which can be used to calculate the rate of approach to the 
asymptotic yield. Starting from an estimated yield, yg, for 
a certain level of applied N, the yield estimated from equa­
tion 4.24 would increase [l - exp(-c)] = 0.03 of the differ­
ence between the asymptotic yield and yg for each pound of N 
applied per acre. The rate of approach would be 
1 - exp[-0,027(40)] = 0.56 of the difference for each 40-lb 
increment of fertilizer N applied. Thus, for example, for 
continuous corn harvested for grain only, the difference 
between corn yield at Nq and the asymptotic corn yield was 
estimated to be 39.9 bu/acre. The estimated corn yield would 
increase (0.66)(39.9) = 26.4 bu/acre for the first 40 lb of 
N applied. The remaining difference between the estimated 
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asymptotic maximum yield and the estimated continuous corn 
yield would be 39.9 - 26.4 = 13.5 bu/acre. A second 40-lb 
N/acre increment would then increase estimated corn yields 
(0.66)(13.5) = 8.9 bu/acre. Likewise, corn yields from 
other rotations would approach the limiting yield at a rate 
of 0.66 of the yield difference for each 40 lb N/acre. 
The main purpose for fitting equation 4.24 was to ob­
tain an estimate of c for the corn yield response function 
containing year and rotation-position parameters. The esti­
mated value of c was tested for constancy for all corn 
rotation-positions. The method of testing this hypothesis 
was to first estimate c^^ for each of the 7 corn rotation-
positions. The values of c^ were estimated from the nonlinear 
regression model: 
ïijk = «i + ei(exp(-C.N.,^)) + . (4.29) 
In fitting this model, the same transformation of the data 
used for fitting equation 4.24 was made. The values of c^ 
ranged from 0.023 to 0.031 for rotations without meadow, but 
were more variable for rotations including a meadow crop. 
The difference in the residual sums of squares from fit­
ting equations 4.24 and 4.29 was used for testing the hypothe­
sis of a constant c. An approximate F-test was the ratio of 
the mean square for the difference to the subplot error mean 
square from Table 11. This F-statistic was F = 7.58/8.61 = 
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0.88, a nonsignificant value. Therefore, a common value of 
c, estimated as c = 0,027, was used for all rotations. 
A corn yield response function including N, year, and 
rot at i on-pos ition parameters 
The proposed corn yield response function of N for the 
Northwest Iowa (Galva-Primghar) Research Center rotation-
fertility experiment is an exponential (Mitscherlich) model 
including parameters for years and rotation-positions. The 
model is s 
Yijkt = P + *1 + 5t + ® At + ®2^2t + Yi^iGt + 
+ OQ + Pi + Ot + ®2^3t Y2Bi*t)GxP(-0'027Ni%) 
+ Uijkt » (4.30) 
where: 
^ijkt ~ average corn yield over the two replications 
from subplot k of rotation-position i in series 
j in year t, 
(J, = the mean asymptotic corn yield, 
a. = the asymptotic yield effect for rotation-position 
^ 7 
( 2  oc«  = 0 ) ,  
i=l ^ 
Ô. = the asymptotic yield effect for year t 
 ^ 16 
(2 Ô. = 0), 
i=l ^ 
= (t - t) for the C rotation-position 
= 0 otherwise. 
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^2t ~ (t - t) for the rotation-position 
= 0 otherwise, 
= (t - t) for either C or 
= 0 otherwise, 
Y, = the coefficient for the product a.6., 
fin 4 
= the effect of the j series ( S ^  •  =  0 )  
J j=l j 
Pq = the mean total response to applied N, 
P, = the effect of rotation-position i on the total 
7 
response to applied N ( 2 g. = 0), 
i=l ^ 
(f). = the effect of year t on the total response to 
16 
applied N ( S <}>. = 0), 
t=l 
Y2 = the coefficient of Pi4^exp(-0.027N^^J, 
^ik ~ amount of N in lb/acre applied to subplot k 
of rotation-position i, 
u. ... = the random error associated with the corn yieJd 1 J JCC 
©1, 02» and 0g are the time-trend parameters associated 
with I'2t» respectively. 
Year and time-trend parameters have been included in 
equation 4.30. Time trends were tested in Table 9. Since 
there were highly significant linear time trends for CI (the 
contrast of continuous corn vs rotation corn) and for C2 (the 
contrast of C vs C^), linear trends for C and 0^ were included 
in the equation 4.30. A linear time x exponential N term 
was also included in the equation for the continuous corn 
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rotations. 
The term in equation 4.30 was included in the 
model to account for a change in the asymptotic yields for 
the corn rotation-positions in different years. For example, 
with Y2 positive, years for which the corn yield was higher 
than average would result in greater differences among asymp­
totic maximum yields for the different corn rotation-
positions. Likewise, the term is 
part of a year x rotation-position x N interaction. For 
years in which corn yields showed a greater response to N, 
({)^ would be negative, and therefore, a negative coefficient, 
Yg, would imply greater differences in response to N among 
rotations. 
The errors, were assumed to have the variance-
covariance structure described in equations 2,17 and 2.18. 
The index for whole plots in those equations, p, would need 
to be replaced by the double subscript, ij, in the error 
structure for equation 4.30. 
A 
The value of c estimated in the previous subsection was 
treated as a constant in the estimation of the remaining 
parameters of equation 4.30. with the value of c taken to 
be the constant 0.027, equation 4.30 was linear in all 
parameters except for the terms in the products and 
^i'^'t* Preliminary estimates of the parameters a^, 0^, 3^, 
and (|>^ were obtained by fitting equation 4.30 to the corn 
yield data with the NLIN procedure of SAS (Barr et al., 1979). 
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By treating the estimates of 6^, and c as con­
stants, equation 4.30 became a linear equation in the re­
maining parameters. 
The transformation defined in equation 4.21 was applied 
to the corn yield data and to the independent variables in 
the linear form of equation 4.30. The calculated regression 
equation, with estimated standard errors in parentheses below 
the parameter estimates, is: 
^ijkt ~ 109.8 + + 6^ - 0.33L^^ - 1'74L2^ + 
(0.8) (0.19) (0.20) 
A A ^ A A 
0,0040a^ô^ + + [-20.2 + - 0.65Lg^ 
(0.0017) (1.1) (0.23) 
- 0.033p^îjexp(-0.027N^j^) (4.31) 
(0.003) 
A A 
The estimated rotation-position effects, and 0^, are 
A A 
listed in Table 13, and the estimated year effects, 6^ and , 
are listed in Table 14. The deviations from the regression 
equation were significant relative to the analysis-of-
variance estimate of error. Therefore, the actual standard 
errors of estimates of the regression coefficients are likely 
to be somewhat different from the estimated standard errors 
listed in equation 4.31 and in Tables 13 and 14. The re­
ported standard errors are those calculated by the regression 
program. 
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Table 13. Estimates of rotation-position effects in the 
corn yield response function of N, 1963-1978, 
Northwest Iowa (Galva-Primghar) Research Center 
Estimated 
rotation-
S|"s gg:: srS 
position effect, applied N p 
ÇOMM 3.3 2.0 23.2 2.7 
ÇCOM 1.4 1.9 14.6 2.4 
CÇOM 0.3 1.9 -1.2 2.4 
SgCOM 4.8 2.0 4.7 2.7 
CSb 4.0 1.6 -5.1 2.1 
C -2.7 1.5 -19.7 2.0 
Cs -11.1 1.5 -16.5 2.0 
Discussion of the fitted corn yield response function of N 
Equation 4.31 was similar to the fitted equation 4,24. 
Both equations had the value 0.027 for c and the same esti­
mates of asymptotic yields and total response to applied N 
for the corn rotation-positions. The estimates from Table 
13, when added to the estimated theoretical mean asymptotic 
corn yield, 109.8, resulted in the same estimates for asymp­
totic yields for each corn rotation-position as were listed 
in Table 12. Similarly, the estimates of from Table 13 
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Table 14, Estimates of year effects in the corn yield re­
sponse function of N, 1963-1978, Northwest Iowa 
(Galva-Primghar) Research Center 
Year 
Estimated 
year effect. 
Estimated year 
effect, (().(., 
on the total 
response to 
applied 
1963 13.8 2.6 
1964 -6.5 8.2 
1965 -27.2 4.7 
1966 6.9 1.0 
1967 -39.4 12.7 
1968 -103.5 30.8 
1969 40.1 -5.0 
1970 -20.4 5.5 
1971 25.4 -12.4 
1972 31.4 -15.4 
1973 42.4 -16.0 
1974 11.6 -0.1 
1975 21.8 -20.2 
1976 -15.4 3.6 
1977 6 0 6 4.7 
1978 12.4 -4.7 
^The estimated standard errors for the estimates, a 
A ^ ^ 
and (J).J., were approximately 1.6 and 2.0, respectively. 
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A  . . .  
when added to Pq = -20.2 resulted in the estimates listed 
in Table 13 for the total response of each rotation to applied 
N. The estimated standard errors of and in Table 13 
depended on the number of years corn was grown on each whole 
plot. The asymptotic yields and total response to applied N 
were estimated with slightly more precision for continuous 
corn rotations than for other rotations. 
Year effects are listed in Table 14. The drought year 
of 1968 caused a pattern of corn yield responses to N dif­
ferent from those in the other years. In 1968, the average 
corn yields for all rotations declined with increasing applied 
N. The sum of Pq and for 1968 was a positive quantity, 
10.6, indicating that yields declined with applied N. Aver­
age corn yields increased with increasing rates of applied N 
in other years. The general pattern of higher response to 
applied N in years with above average corn yields was also 
observed. 
A  A  
The estimates ~ 0.0040 and y2 = -0.033 indicated that 
rotation-position effects were greater in years with above 
average yields. For example, if the asymptotic maximum yield 
in a particular year is 40 bu/acre more than the theoretical 
mean asymptotic yield, then predicted differences among 
yields in corn rotation-positions would be the original dif­
ferences plus (40)(0.0040) = 0.16 of the original differences. 
Also, the response of corn to N is larger in years with above 
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average yields. For a year with the total response to applied 
N of 20 bu/acre above average, the difference in estimated 
total response of corn to applied N for any two of the 
rotation-positions would be the original difference plus 
(20)(0.033) = 0.66 of the original difference. Thus, for a 
year with total response to applied N of 20 bu/acre more 
than the average, the predicted difference in total corn 
yield response to applied N for two rotation-positions would 
be 1.66 times the original difference. 
The estimates of 0^ and 02 were -0.33 and -1.74, respec­
tively. The asymptotic corn yields were decreasing with 
time for C and C^. The asymptotic corn yields of continuous 
corn harvested for grain declined less rapidly with time than 
did yields of continuous corn harvested for silage. Corn 
yields were decreasing at the rate of 0.33 bu/acre per year 
for C and at the rate of 1.74 bu/acre per year for C^. Part 
of the reason for a larger decline in grain yields was the 
removal of K in the harvested stover. Corn yields from 1974-
1978 for Cg had been adjusted to the Kq rate, so that the 
yields may be considered to have come from plots not receiving 
adequate K fertilization. 
The estimate of 0g was -0.65. The total response to 
applied N for the C and C^ rotation-positions increased with 
the number of years in continuous corn. Apparently, total 
soil N declined over the period of continuous cropping. The 
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larger response to N was at the rate of 0.65 bu/acre per 
year, which, over a 16-year time period, amounted to a 10 
bu/acre difference in total response to applied N. 
An analysis of variance was calculated for the trans­
formed residuals from the fitted equation 4.31. This analy­
sis is presented in Table 15. The error mean square for 
this analysis was computed by pooling sums of squares associ­
ated with each of the error terms used in estimation of the 
plot variance components. The transformation was such that 
each of these error mean squares has the same value, = 
36,07. However, some round-off errors occurred, resulting 
in the error mean square of 36.28 in Table 15. 
As can be seen from Table 15, equation 4.31 did not 
account for all of the year interactions with other 
factors. The only year x rotation-position effects included 
in the model were linear trends of C and C^, and the term in 
a^ô^. The year-to-year variability in weather, planting 
dates, and weed and insect pest infestations interacted with 
the rotation-position effects. These factors also interacted 
with N and higher-order interactions involving years and N. 
The equation did adequately account for N and N x 
rotation-position effects. The two degrees of freedom 
for N in model 4.31 were those associated with c 
and 0Q. The 6 degrees of freedom for N x rotation-
position interactions were associated with fitting the p. 
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Table 15. Analysis of variance of transformed residuals 
from the corn yield response function of N 
Source of variation df MS F 
Years (Y) 0 -
Rotation-positions (T) 0 -
Series (S) 0 -
T X S 4 40.37 1.11 
Y X T 87 219.19 6.04** 
Y X S 45 77.30 2.13** 
Y X T X S 60 34.63 0.95 
N 1 43.44 1.20 
N X Y 30 200.74 5.53** 
N X T 12 36.38 1.00 
N X S 9 52.83 1.46 
N X T X S 12 46.36 1.28 
N X Y X T, N X Y X S, 
and N X Y X T X S 583 55.87 1.54** 
Error 896 36.28 
**Significant at the .01 level. 
124 
2 parameters in equation 4.31. The R computed for the fitted 
equation was 0.86, Thus, equation 4.31 accounted for a large 
portion of the variability in corn yields. 
Summary of Results on the Corn Response Function 
of N and Possible Changes in the Experiment 
One of the comparisons most interesting to farmers in 
northwestern Iowa is the difference between yields of corn 
grown in a rotation with soybeans and yields of continuous 
corn. The CSb rotation resulted in an average asymptotic 
maximum yield of 113.8 bu/acre and the C rotation resulted 
in a yield of 107.1, An approximate 95% confidence interval 
for the difference is 2.3 to 11,1 bu/acre, 
A major result of the analysis is that corn following 
other crops yielded more than corn following corn. In fact, 
in the order of highest to lowest asymptotic maximum yields, 
the corn rotation-positions were: COMM > SgCOM > CSb > 
ÇCOM > CÇOM > C > Cg (Table 12). Note that the estimated 
maximum yield for COMM occurred at the Nq rate and was 116.1 
bu/acre. This result agrees with results obtained by other 
authors, as discussed in the literature review. 
In the opinion of the author, N and plant populations 
may have been limiting factors for corn grown in this ex­
periment, The plant populations were 16,000 plants per 
acre, a stand level which is less than optimum in years with 
excellent conditions for corn growth. Also, the N levels 
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used in this experiment were less than those used for other 
experiments in which continuous corn was compared with rota­
tion corn (Higgs et al., 1976; Welch, 1976), Thus, the 
highest level of applied N for all corn rotation-positions 
except COMM.and ÇCOM likely was not sufficient to attain 
maximum corn yields in a good year with higher plant 
population. 
One could change the N rates by multiplying each current 
N rate by 1.5 to obtain new rates. In this way, rotations 
containing meadow would receive 0, 30, 60, and 120 lb N/ 
acre and rotations without meadow would receive 0, 60, 120, 
and 180 lb N/acre. Plant populations could be increased to 
20,000 or 22,000 plants/acre to take advantage of the in­
creased N. Also, K could be applied according to soil test 
levels to all plots except the plots. This would help 
prevent K from becoming a limiting factor for corn production 
in rotations other than . 
These changes would alter an experiment that has been 
conducted for over 20 years with relatively few changes. 
The one major change was the introduction of K treatments 
on Cg plots. The only plots which would retain the original 
N treatments would be those receiving the Nq rate. A less 
drastic change, which would allow more of the plots to con­
tinue with the present rates of applied N, would be to change 
the 20 lb/acre N rate in rotations containing meadow to 120 
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lb/acre. In the CSb, C, and rotations, the 40 lb/acre 
rate could be changed to 160 or possibly 200 lb/acre. This 
would allow most plots to continue under the original fer­
tilization regime, but would also provide some plots with 
higher N rates. 
The year interactions with rotation-positions (T), N, 
and N X T were not completely explained by equation 4.31 
(Table 15), These interactions could have been due to sev­
eral factors associated with years. One possibility is that 
variable corn rootworm infestations each year could have led 
to variability which was not accounted for by equation 4.31. 
The incidence of rootworm damage rather than compaction 
caused by tillage operations was suggested by the large 
yield differences between SgCOM and CÇOM. Corn rootworm 
damage can be checked by taking root samples from all 
rotation-positions and rating the damage. 
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CHAPTER V. SUMMARY AND CONCLUSIONS 
Corn yield data from the years 1963-1978 for the 
rotation, N fertility experiment conducted at the Northwest 
Iowa (Galva-Primghar) Research Center were analyzed. The 
experiment was designed to test effects of crop rotations 
and N fertilization on yield of corn in crop rotations. 
The rotations used were COMM, SgCOM, CCOM, CSb, continu­
ous corn harvested for grain only (C), and continuous corn 
with the stover also removed (C^). The rates of N applica­
tion to corn were 0, 20, 40, and 80 lb/acre for rotations 
containing meadow and 0, 40, 80, and 120 lb/acre for the 
CSb, C, or Cg rotations. The C^ rotation had rates of 0, 
50, 100, and 150 lb K/acre applied beginning in 1974. 
Objectives of the experiment included: (1) determining 
long-term corn yield averages for the various corn rotation-
positions, (2) estimating the response of C^ grain yields 
to K, and (3) estimating the response of yields of corn in 
the various rotation-positions to N fertilizer. One point 
of interest was whether corn yields would be as high in a 
continuous corn rotation as in rotations with other crops. 
The long-term average corn yield was highest for COMM 
and lowest for C^. Different patterns of response to N 
were obtained for the different rotations. For corn follow­
ing meadow, there was little response to N rates greater than 
20 lb/acre. For the other corn rotation-positions, the 
128 
largest yields occurred at the highest N rate. 
Responses of grain yields to K were estimated. The 
Cg yield response to K varied markedly from year to year. 
In two years, large positive responses to K occurred. In 
the other three years, little response to K occurred. 
The K treatments on plots were confounded with blocks. 
Consequently, the yield data for 1974-1978 were adjusted 
to remove block differences. Adjusted yields were fitted 
to a grafted polynomial, quadratic for rates of applied K 
from 0 to 100 lb/acre and linear with slope 0 for K applica­
tions from 100 to 150 lb/acre. The estimated yield re­
sponse function of K also included terms for N and for N x 
year, K x year, and N x K interactions. The response func­
tion was used to adjust yields to the Kq rate before con­
ducting further analyses so that K treatment effects would 
not enter into block and block interaction effects. 
An analysis of variance of corn yields was conducted to 
identify significant sources of variation. Six contrasts 
among corn rotation-positions were tested. The 6 contrasts 
were: continuous corn vs rotation corn, C vs C^, CSb vs 
corn in rotation with meadow, first-year corn after meadow 
vs second, ÇCOM vs COMM, and CÇOM vs SgCOM. All contrasts 
except CSb vs corn in rotation with meadow were statistically 
significant. Year x contrast interactions were also statis­
tically significant, except for the contrast ÇCOM vs COMM. 
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The tests for contrast and year x contrast effects re­
quired finding the expected mean squares in the analysis of 
variance. A model was proposed and was used to find esti­
mates of the variance components. Using the estimated com­
ponents, approximate F-tests were constructed for the con­
trasts and for the year x contrast interactions. 
The analysis of variance was also used to examine N, 
N X contrast, N x year, and N x year x contrast effects. 
This was done as a preliminary step in the development of a 
corn yield response function to rates of N fertilization. 
A Mitscherlich corn yield response function to N was 
proposed and estimated. The final response function included 
terms for rotation effects, year effects, linear time trends 
for C and C^, a multiplicative year x rotation effect, and 
interactions of these terms with an exponential N term. The 
equation was estimated in three steps. First, a value for 
the Mitscherlich constant c was determined from a nonlinear 
regression computed for average corn yields over years. 
Then, a transformation to obtain nearly uncorrelated errors 
was estimated and applied to the data. The response function 
was estimated using the transformed data. 
The estimated corn yield response function to N ade­
quately accounted for N and N x rotation-position effects, 
but did not adequately account for year interactions with 
rotation-positions and N. 
130 
The estimated yield for corn following corn was lower 
than the yield of corn following another crop. Corn in the 
CSb rotation had a maximum yield 6.7 bu/acre greater than 
that of continuous corn harvested for grain only. Factors 
causing these differences were not conclusively identified 
and such differences warrant further investigation. 
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